
1

Vol.:(0123456789)

Scientific Reports |          (2021) 11:335  | https://doi.org/10.1038/s41598-020-79848-0

www.nature.com/scientificreports

Cigarette smoke‑induced 
impairment of autophagy 
in macrophages increases 
galectin‑8 and inflammation
Yuta Kono1,2,6*, Thomas Colley1,6, Masako To3, Andriana I. Papaioannou4, Nicolas Mercado1, 
Jonathan R. Baker1, Yasuo To2, Shinji Abe5, Kosuke Haruki3, Kazuhiro Ito1 & Peter J. Barnes1

Cigarette smoke impairs autophagy, an intracellular protein degradation system, but the 
consequences of this defect have not been fully elucidated, especially in macrophages. Dysfunctional 
alveolar macrophages play an important role in chronic obstructive pulmonary disease (COPD). Here 
we show that galectin‑8, a danger receptor that identifies damaged intracellular host vesicles and 
initiates autophagosome engulfment, is elevated due to activation of autophagy by cigarette smoke 
extract (CSE) in macrophages. CSE impaired autophagic flux in PMA‑differentiated U937 macrophage‑
like cells, resulting in intracellular accumulation of galectin‑8 and the autophagic adaptor protein 
NDP52. COPD patients showed elevated levels of galectin‑8 and NDP52 in the lung homogenates 
with significant increase in the serum galectin‑8 levels in patients with frequent acute exacerbations. 
Soluble galectin‑8 induced interleukin (IL)‑6 release in bronchial epithelial cells via PI3Kα signalling. 
Thus, increased galectin‑8 due to CSE‑induced impaired autophagy may be involved in the 
pathogenesis of COPD and may be a biomarker of this disease.

Macroautophagy (hereafter termed autophagy) is an intracellular degradation system which delivers dysfunc-
tional cytoplasmic constituents via autophagosomes to lysosomes, resulting in formation of an autolysosome or 
autophagolysosome, depending on the  cargo1,2. In selective autophagy, misfolded and damaged proteins, non-
functional organelles or intracellular pathogens are tagged with ubiquitin chains by E3 ubiquitin ligases and, 
depending on the chain type, undergo targeted  degradation3. Autophagic selectivity is mediated by autophagy 
adaptor proteins which target specific moieties and interact with autophagy proteins bound to autophagosomal 
membranes, including microtubule-associated proteins 1A/1B light chain 3B (LC3). Intracellular bacteria are 
targeted by adaptor proteins including SQSTM1/p62 (p62), nuclear dot protein 52 (NDP52), and optineurin, trig-
gering amino acid starvation, mammalian target of rapamycin (mTOR) deactivation and autophagy  induction4. 
Autophagy exerts homeostatic functions to maintain intracellular environments and is essential for cell survival. 
Thus, dysregulation of autophagy has been shown to contribute towards the pathogenesis of many diseases, 
including Parkinson’s disease, lysosomal storage disorders, cancer and Crohn’s  disease5.

Chronic obstructive pulmonary disease (COPD) is the 3rd leading cause of death in the world, and a chronic 
respiratory disease characterised by a persistent airway inflammatory response to noxious gas and particles, 
such as cigarette smoke and biomass smoke, leading to progressive airflow limitation, small airway fibrosis and 
 emphysema6. Several mechanisms are involved in the development of COPD, such as oxidative stress, corticos-
teroid-resistant inflammation, activation of the innate immune  response6, and increased cellular  senescence7,8. 
Within the last decade, several studies have linked cellular defects induced by cigarette smoke with the patho-
genesis of COPD. Autophagosome number and LC3 expression are increased in lung tissue from COPD patients, 
while  LC3B−/− mice appear to be protected from many pathological features associated with cigarette smoking, 
including decreased lung airspace, and amplified  apoptosis9,10. Similarly, in bronchial epithelial cells cigarette 
smoke extract (CSE) increases LC3B-II expression and induces autophagy while knock-down of autophagy 
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proteins LC3B and Beclin-1 protect against CSE-induced  apoptosis11. Despite initial evidence suggesting that 
increased autophagosome number were associated with excessive autophagy activation, more recent data suggests 
that autophagosome accumulation is the result of defective autophagosome maturation. Assessment of autophagic 
flux in bronchial epithelial cells indicates that autophagy is impaired by CSE and associated with aggresome 
 formation12. Moreover, we have recently shown that defective autophagosome maturation is the result of bicau-
dal D homolog 1 (BICD1) accumulation which impairs autophagosome  maturation13. The interplay between 
cigarette smoking, autophagy and macrophage function has also been reported, with alveolar macrophages from 
smokers showing accumulation of autophagosomes and protein aggregates due to defective autophagic  flux14.

Galectin-8 is a danger receptor that identifies damaged intracellular host vesicles and initiates selective 
autophagosome engulfment and degradation via interaction with the autophagic adaptor protein  NDP5215,16. 
This process prevents leakage or escape of potentially harmful cargo, including protein aggregates, bacteria and 
virions, from damaged vesicles and facilitates secondary containment and  destruction15,17–19. Galectin-8 also 
modulates a number of known inflammatory pathways, modulating cell adhesion, promoting apoptosis and 
inducing  senescence20–22. In this study, we have investigated the role of CSE on galectin-8/NDP52 signalling in 
macrophages and its implication.

Results
Cigarette smoke exposure impairs autophagic flux in macrophages. Firstly, the impact of CSE 
exposure on the autophagic markers p62 and LC3, which were quantified by Western blot, were investigated in 
macrophages using phorbol 12-myristate 13-acetate (PMA)-dependent differentiated macrophage-like human 
U937 cells.

The conversion of LC3-I to LC3-II via conjugation with phosphatidylethanolamine signals the formation of 
autophagosomes and is reliably correlated with autophagosome  number23. CSE exposure for 24 h resulted in 
the concentration-dependent accumulation of LC3-I, LC3-II and total LC3 (Fig. 1a,b). In addition, significant 
autophagosome accumulation in response to CSE treatment for 24 h was observed directly by fluorescence 
microscopy in these cells transfected with GFP-LC3 (Fig. 1d). LC3-II expression was also detected at 4 h, 24 h 
and 48 h (with a wash at 24 h followed by the addition of fresh media, to remove CSE in order to minimise 
reduction of cell viability). It was observed that treatment with 30% CSE significantly increased LC3-II in a time-
dependent manner (Fig. 1e, supplementary Fig. S1), and LC3-II concentrations did not recede even after the 
removal of CSE, suggesting that impaired autophagosome clearance was sustained as shown  before13. This finding 
was confirmed visually by monitoring GFP-LC3 punctae accumulation by fluorescence microscopy (Fig. 1d). In 
contrast, although treatment with 10% CSE slightly increased LC3-II at 24 h, removal of CSE followed by 24 h 
incubation in the absence of CSE resulted in LC3-II levels decreasing to basal levels by 48 h, suggesting that a 
low concentration of CSE-induced autophagy, but the effect was only transient (Fig. 1e, supplementary Fig. S1). 
The cell viability of macrophages treated with CSE are shown in Supplementary Fig. S2.

In addition, accumulation of high molecular weight (HMW)-p62, which is potentially a marker of defective 
autophagic flux within a  cell13,14, was observed in cells exposed to CSE for 24 h in a concentration dependent 
manner (Fig. 1a,c). Furthermore, it was observed that HMW-ubiquitin conjugates were increased in these cells 
exposed to CSE (Supplementary Fig. S3). In addition, CSE increased expression of Rab7 in macrophages, sug-
gesting altered degradation of late stage endosomes and impaired autophagosome  maturation24 (Supplementary 
Fig. S4).

Accumulation of autophagosomes may indicate the induction of autophagy or conversely it could indicate 
inhibition of autophagosome maturation and  lysis23. Therefore, the LC3 turnover assay was used to clarify the 
mechanism responsible for accumulation of autophagosomes in response to CSE. Macrophages were treated 
with CSE for 24 h, and the rate of autophagic flux (autophagosome maturation and lysis) was evaluated using 
bafilomycin A (Baf A), a lysosomotropic reagent that raises the pH of the lysosome and inhibits fusion between 
the autophagosome and lysosome. It was observed that LC3-II was significantly increased by treatment with 
Baf A for 2 h and by treatment with 30% CSE, whilst cell viability was not significantly affected (Fig. 1f and Sup-
plementary Fig S5). However, the addition of Baf A for 2 h to the cells pre-treated with 30% CSE for 24 h had 
no further impact on LC3-II levels, indicating that 30% CSE inhibited autophagic flux (Fig. 1f, right panel). To 
confirm these findings an alternative measurement of autophagic flux was used. Short-lived proteins are mainly 
degraded by the proteasome, whereas long-lived protein macromolecules are degraded predominantly by the 
autophagic  machinery23. It was observed that the quantity of fluorescently labelled long-lived proteins within 
the cells was increased by CSE exposure (Fig. 1g). Similarly to the LC3 turnover assay, the addition of Baf A to 
the cells treated with 30% CSE for 24 h had no further impact on the quantity of long-lived proteins, indicating 
that autophagic flux was impaired by 30% CSE.

Cigarette smoke disrupts the galectin‑8/NDP52 pathway. Next, we evaluated the impact of defec-
tive autophagy on autophagy receptor NDP52 and galectin-8 which is a danger receptor recruiting NDP52. 
Autophagy inhibition by Baf A for 24 h caused accumulation of galectin-8 and NDP52 in PMA-differentiated 
U937 cells (Fig.  2a–c). In addition, CSE exposure for 24  h produced significant concentration-dependent 
increases in the levels of galectin-8 and NDP52 (Fig. 2d,e) and secretion of galectin-8 was also increased (Fig. 2f,g) 
although mRNA levels of galectin-8 and NDP52 were not altered significantly (Supplementary Fig. S6).

Extracellular release of galectin‑8 was NDP52‑dependent. Galectin-8 binding to damaged vesicles 
triggers the recruitment of NDP52, which in turn interacts with LC3 via a non-canonical ATG8/LC3-interact-
ing region (LIR) motif, leading to autophagy-mediated clearance of the damaged  vesicles15,25. The interaction 
between galectin-8 and NDP52 under basal conditions was confirmed in PMA-differentiated U937 cells by co-
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Figure 1.  Cigarette smoke exposure impairs autophagosome maturation in PMA-differentiated U937 cells. (a) 
Protein expression of LC3-I/II and HMW-p62 and the band densities of Western blotting analysis of LC3-II (b) 
and HMW-p62 (c) n = 3, (d) confocal imaging (× 63) of GFP-LC3 transfected, CSE treated cells; representative 
images from 3 independent experiments; Blue = DAPI, Green = GFP-LC3, (e) Time course of LC3I/II expression 
in CSE exposed cells; n = 3, (f) Effects of Baf A on CSE-induced LC3-II expression as LC3 turnover assay in 
5 min exposure (left panel) and 30 s exposure (right panel) ; n = 3, (g) Long-lived protein degradation in cells 
exposed to CSE (n = 3). *P < 0.05, **P < 0.01. CSE cigarette smoke extract, NS not significant, RFU relative 
fluorescent units, Baf A bafilomycin A.
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Figure 2.  Defective autophagy results in galectin-8 and NDP52 protein accumulation in PMA-differentiated 
U937 cells. (a) NDP52, galectin-8 and LC3 protein expression in cells treated with bafilomycin A; representative 
images from 3 independent experiments, and the band densities of Galectin-8 (b) and NDP52 (c) by western 
blotting analysis, (d,e) CSE-induced cellular accumulation of galectin-8 (d) and NDP52 (e); n = 3, (f) Western 
blotting analysis and (g) ELISA analysis of secreted galectin-8 protein in supernatant from cells exposed to CSE 
or Baf A (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Baf A bafilomycin A, CSE cigarette smoke 
extract, NT no treatment.
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immunoprecipitation (Fig. 3a). Furthermore, it was observed that knock-down of NDP52 expression combined 
with exposure to 30% CSE resulted in increased protein levels of galectin-8, when compared to 30% CSE alone 
(Fig. 3b,c). These data suggest that CSE-induced defective autophagy increases the release of galectin-8 into the 
extracellular environment through an NDP52-mediated pathway.

Galectin‑8 induces inflammation in bronchial epithelial cells in a PI3Kα‑dependent man‑
ner. To understand the consequence of secreted galectin-8, the effects of recombinant galectin-8 on IL-6 
release was investigated in an immortalised human bronchial epithelial cell line (BEAS-2B). It was found that 
exposure of bronchial epithelial cells to low concentrations of galectin-8 induced expression of IL-6 in a con-
centration-dependent manner (Fig. 4a), which peaked at 24 h (Supplementary Fig. S7). As shown in Fig. 4b, the 
galectin-8 dependent IL-6 production was inhibited by the PI3Kα inhibitor PIK75  (IC50 = 0.026 μM ± 0.00033, 
Fig. 4b,c) and, to a lesser extent, the p38 MAPK inhibitor SB203580 (Fig. 4b), but not by PI3Kγ and PI3Kδ inhib-
itors, while neither galectin-8 nor the inhibitors themselves significantly affected cell viability (Supplementary 
Fig. S8). In addition, exposure to high concentrations of galectin-8 (500 nM) for 24 h resulted in significantly 
increased late apoptosis or non-apoptotic cell death (45.0% ± 6.95 positive cells; P < 0.05) in BEAS-2B cells when 
compared to non-treated control cells (12.9% ± 4.10) (Fig. 4d). In order to identify the type of cell death, annexin 
V-pacific blue/PI staining and flow cytometry were performed. 4 h exposure to high concentration of galectin-8 
(500 nM) induced non-apoptotic cell death (annexin V-pacific  blue−/PI+ and annexin V-pacific  blue+/PI+), while 
early apoptosis (annexin V-pacific  blue+/PI−) mostly was not induced (Fig. 4e). Furthermore, the activities of 
caspase 3/7 were evaluated. The exposure to high concentration of galectin-8 (500 nM) for 24 h significantly 
reduced the activities of caspase 3/7, indicating that the cell death caused by galectin-8 was non-apoptotic cell 
death (Fig. 4f).

Galectin‑8 and NDP52 increased in COPD lungs. The protein expressions of galectin-8 and NDP52 
were detected in whole cell protein extracts from peripheral lung tissue obtained from COPD patients and 
age-matched healthy subjects and smokers with normal lung function (Table 1). The levels of galectin-8 and 
NDP52 were significantly higher in COPD compared with controls with normal lung function (Fig. 5a,b and 
supplementary Fig. S9).

Furthermore, the level of secreted galectin-8 was determined in serum obtained from 31 healthy volunteers 
and 26 stable COPD patients (Table 2). There were no correlations between galectin-8 and lung function and 
smoking history (Table 3), but it was observed that COPD patients who suffered from frequent acute exacerba-
tions (2 or more/year) had significantly higher levels of galectin-8 in their serum (383.8 ± 248.3 pg/ml) com-
pared to healthy volunteers (209.1 ± 120.8 pg/ml), and also when compared to COPD patients with infrequent 
exacerbations (176.2 ± 100.0 pg/ml) (Fig. 5c). Furthermore, increased serum galectin-8 was also correlated with 
reduced 6-min walking distance (6MWD) in COPD patients (Fig. 5d).

Discussion. Recently the link between cigarette smoking and defective autophagy has been strengthened, with 
several studies providing evidence for altered cell survival and increased mucus  production10,11,26. Most previous 
studies, including our own, have focused on the interaction between CSE and the airway  epithelium13, however 
we have now shown that CSE exposure also causes accumulation of the autophagy-associated protein LC3, and 
aggregation of p62 within macrophage-like cells. p62 acts as an adaptor protein that recognises ubiquitinated 
proteins and transfers them to the autophagosome for  degradation27. Accumulation of high molecular weight 
(HMW) p62 within a cell is a sign that autophagosomes are not maturing into autolysosomes and may be a 
marker of defective autophagic  flux14. The presence of HMW-p62 has been reported to be associated with reac-
tive oxygen species (ROS) and can be induced by CSE and UV  exposure14,28. Using three independent method-
ologies (Fig. 1d,f,g) we have shown that CSE inhibits autophagic flux leading to defective autophagosome matu-
ration and accumulation of autophagosome cargo within macrophages. These data support previously reported 
observations in alveolar macrophages from  smokers14 and are consistent with our previous data obtained using 
bronchial epithelial cells which are a primary target of cigarette smoke  exposure13. Our results strengthen the 
mechanistic understanding of autophagosome accumulation in COPD.

Galectin-8 is an autophagy adaptor protein and works in concert with NDP52 to activate autophagy-mediated 
clearance of  bacteria15,29. Galectin-8 has been reported to monitor endosomal and lysosomal integrity, and serves 
as a receptor for damaged vesicles, initiating selective autophagic degradation via the binding of  NDP5215,17. Our 
experiments demonstrated that both galectin-8 and NDP52 undergo constitutive degradation by autophagic 
clearance mechanisms, with both proteins accumulating intracellularly in the presence of the autophagosome-
lysosome fusion inhibitor bafilomycin A (Fig. 2a). Exposure of macrophages to CSE led to accumulation of 
intracellular galectin-8 and NDP52, confirming a role for cigarette smoke in the raised levels of these proteins 
seen in COPD patients, and supporting the supposition that cigarette smoke inhibits autophagosome maturation.

As a result of its function in the determination of endosomal and lysosomal vesicle integrity, galectin-8 serves 
as a danger receptor for vesicle-damaging bacteria, leading to selective autophagic degradation of the bacteria 
through its interaction with  NDP5215. COPD is associated with chronic bacterial colonisation of the lower air-
ways, which is associated with disease  severity30. Bacterial colonisation is related to greater airway inflammation 
and frequent acute  exacerbations31,32. Bacterial infection is a common trigger of acute exacerbations in COPD 
patients, accelerating lung function decline, worsening quality of life and increasing  mortality33. Here we show 
that increased galectin-8 in the serum of COPD patients was associated with greater exacerbation frequency. 
Furthermore, secretion of galectin-8 was shown to be increased by CSE in macrophage-like cells. As galectin-8 
is a secreted  protein34, increased serum galectin-8 may simply reflect accumulation within cells due to defects 
in autophagic clearance mechanisms caused by cigarette smoke. However, an unconventional autophagy-based 
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secretory pathway has recently been described for IL-1β, and therefore it is possible that galectin-8 is actively 
secreted from the cell by autophagic  mechanisms35.

Figure 3.  Association of galectin-8 and NDP52. (a) Galectin-8 and NDP52 were co-immunoprecipitated 
using an anti-NDP52 antibody in whole cell lysate of PMA-differentiated U937 cells. (b,c) Effects of NDP52 
knockdown on galectin-8 expression in the presence or absence of 30% CSE (n = 5). *P < 0.05, **P < 0.01. CSE 
cigarette smoke extract, NC negative control.
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Figure 4.  Soluble galectin-8 induces inflammation and apoptosis in BEAS-2B cells. (a) Recombinant galectin-8 induced 
IL-6 protein expression in supernatant from BEAS-2B cells, quantified by ELISA (n = 3), (b) Inhibition of galectin-8-induced 
IL-6 release from BEAS-2B cells by PI3K isoform and p38 MAPK inhibitor; (n = 3), (c) Inhibition of galectin-8-induced IL-6 
release from BEAS-2B cells by the pan-PI3K inhibitor PIK75 (n = 3), (d) Detection of apoptosis in BEAS-2B cells treated with 
500 nM recombinant human galectin-8; representative images from 3 independent experiments; Blue = live cells,  Green+/
Red− = early apoptotic cells,  Green+/Red+ = late apoptotic cells or non-apoptotic cells. (e) Flowcytometry analysis for apoptosis 
in BEAS-2B cells treated with 500 nM recombinant human galectin-8. (f) Caspase 3/7 activity of BEAS-2B cells treated with 
500 nM recombinant human galectin-8. (n = 3). * P < 0.05, **P < 0.01, ****P < 0.0001.
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Systemic inflammation in COPD patients, particularly increased levels of the inflammatory cytokine IL-6, 
is associated with reduced  FEV1 and  6MWD36–38. IL-6 initiates many pro-inflammatory processes and regulates 
the expression of C-reactive protein (CRP), a marker of inflammation in  COPD39. Galectin-8 plays a role in the 
control of IL-6 expression in human endothelial cells (HMEC-1) and splenocytes from mice, and conversely to 
be mediated by IL-6 expression itself, suggesting a positive feedback  mechanism40,41. We also observed galec-
tin-8 dependent IL-6 release in bronchial epithelial cells (Fig. 4a,b, supplementary Fig. S7). Furthermore, in this 
study we have shown that patients with increased 6MWD express lower levels of serum galectin-8 suggesting 
a possible mechanistic relationship between galectin-8 expression in COPD patients and the IL-6-associated 
reduction in 6MWD.

The mechanism of action of secreted galectin-8 induced IL-6 release is poorly understood. It has previously 
been shown that immobilised galectin-8 activates Ras leading to increased phosphorylation of ERK1 and ERK2, 
while addition of the pan-phosphoinositide 3-kinase (PI3K) inhibitor wortmannin nullifies this  effect42. The 
role of PI3K in lung disease is well  established43. In the current study, galectin-8 dependent IL-6 induction in 
bronchial epithelial cells was shown to be significantly reduced by inhibiting PI3Kα, the predominant isoform in 
bronchial epithelial cells, rather than PI3Kγ and PI3Kδ. In addition, p38 MAPK α/β signalling also be involved 
in IL-6 production in response to galectin-8 as p38 MAPK inhibitor SB203580 partially reduced IL-6 secretion.

Non-apoptotic cell death has recently attracted attention as a contributing factor to the pathogenesis of 
 COPD44. In contrast to apoptosis, non-apoptotic cell death, such as necroptosis and ferroptosis, is accompanied 
by a rupture of plasma membrane resulting in a release of damage-associated molecular patterns (DAMPs) from 
dying cells, which are strong inducers of  inflammation45. Markers of necroptosis are increased in COPD  lung46. 
In addition, cigarette smoke exposure induces necroptosis and the subsequent release of DAMPs causes airway 
inflammation in  mice47. Ferroptosis is also identified in airway epithelial cells exposed to cigarette smoke and in 
COPD  lung48. We observed that galectin-8 induced non-apoptotic cell death. Although the mechanism under-
lying non-apoptotic cell death caused by galectin-8 is unknown, galectin-8 may contribute the pathogenesis of 
COPD via the induction of non-apoptotic cell death.

Accumulation of dysfunctional alveolar macrophages within the lung is a characteristic of COPD progression 
and associated with an inflammatory  microenvironment49,50. As CSE inhibits autophagosome maturation and 
degradation in macrophage like cells, and consequent intracellular and extracellular concentrations of galectin-8 
are altered leading to the activation of pro-inflammatory signalling cascades, the galectin-8/NDP52 pathway 
may prove to be a novel therapeutic target in COPD.

Methods
Reagents. Antibodies against the following were used for immunoblotting: NDP52 (Novus Biologicals, 
Abcam), LC3 (Cell Signaling Technology), p62 (Sigma), Galectin-8 (R&D Systems, Abcam), β-actin (Abcam), 
anti-mouse (Dako) and anti-rabbit (Dako). For inhibition of PI3K isoforms or p38 MAPK the following com-
pounds were used: PIK75 (Abcam), AS-605240 (VWR), IC-87114 (VWR) and SB203580 (Sigma).

Cell culture. U937 cells (ATCC, LGC Standards) were cultured at 37 °C and 5%  CO2 in RPMI-1640 sup-
plemented with 10% heat-inactivated foetal bovine serum (FBS) and 15  mM L-glutamine. When required, 
U937 cells were differentiated into a macrophage-like phenotype by exposure to 50 ng/ml of PMA for 72 h, as 
described  previously51. BEAS-2B cells (ATCC, LGC Standards) were cultured in keratinocyte basal medium 
(KBM) supplemented with human epidermal growth factor, insulin, hydrocortisone, calcium, bovine pituitary 
extract, and gentamicin sulphate amphotericin-B (GA-1000) (Lonza). PMA-differentiated U937 macrophage-
like cells were serum starved 16 h before stimulation using RPMI-1640 supplemented with 1% FBS and 15 mM 
L-glutamine, whilst BEAS2B cells were serum starved with non-supplemented keratinocyte media.

Patients. Disease severity in COPD patients was graded following the Global Initiative for Obstructive Lung 
Disease (GOLD) severity  score52. In cohort 1 we obtained lung tissue from a tissue bank linked to an established 
patient  registry53. Specimens of peripheral lung tissue were obtained from 4 healthy volunteers, 11 smokers 
without symptoms, 8 subjects with GOLD 1 COPD (mild), 7 with GOLD 2 COPD (moderate), 4 with GOLD 
3 COPD (severe) and 5 with GOLD 4 COPD (very severe). In cohort 2 serum samples were obtained from 31 
healthy volunteers and 26 stable COPD patients (GOLD 1 n = 5, GOLD 2 n = 8, GOLD 3 n = 8, GOLD 4 n = 5). 

Table 1.  COPD study patient characteristics for lung study. Data are expressed as mean values ± SD. *P < 0.05; 
**P < 0.01 versus healthy volunteers.

Healthy volunteers

Smokers with 
normal lung 
function COPD GOLD1 COPD GOLD2 COPD GOLD3 COPD GOLD4

N 4 11 8 7 4 5

Male/female 2/2 3/8 5/3 4/3 3/1 2/3

Age (years) 56.0 ± 26.5 63.6 ± 12.2 68.5 ± 6.8 60.4 ± 8.7 64.0 ± 8.4 60.2 ± 3.2

FEV1 (L) 2.75 ± 1.26 2.57 ± 0.64 2.65 ± 0.56 1.81 ± 0.39 1.63 ± 0.47 0.48 ± 0.09*

FEV1 (%predicted) 89.6 ± 4.8 98.9 ± 11.9 91.4 ± 7.54 58.4 ± 8.3** 46.7 ± 1.3* 16.3 ± 2.2*

FEV1/FVC (%) 79.6 ± 5.5 74.6 ± 4.0 63.3 ± 4.4** 59.6 ± 9.9** 51.5 ± 8.3* 24.2 ± 3.0*
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We excluded patients with cancer and patients who had episodes of acute exacerbations or respiratory tract 
infections in the last eight weeks. Frequent exacerbations were defined as two or more episodes in the last year.

Patient samples were obtained with approval from the ethics committee of the Royal Brompton and Harefield 
Hospitals National Health Service Trust and the Sismanogleio General Hospital (Approval number is 5210-
07/03/2012) and all subjects provided written informed consent. This study was performed in accordance with 
the ethical standards as laid down in the 1964 Declaration of Helsinki and its later amendments or comparable 
ethical standards.

Figure 5.  Expression of galectin-8 and NDP52 is increased in COPD. (a) Galectin-8 and (b) NDP52 protein 
expression in lung homogenates from healthy volunteers (HV, n = 4), smokers with normal lung function (SM, 
n = 11), COPD GOLD stage 1 (n = 8), COPD GOLD stage 2 (n = 7), COPD GOLD stage 3 (n = 4) and COPD 
GOLD stage 4 (n = 5), (c) serum galectin-8 of HV + SM (n = 25), COPD patients with infrequent exacerbations 
(n = 23) and COPD patients with frequent exacerbations (n = 10) as determined by ELISA. (d) Correlation 
between serum galectin-8 and 6-min walking distance (6MWD) in COPD patients (n = 33). *P < 0.05, **P < 0.01. 
HV = healthy volunteer, SM = smoker, C1/2/4 = COPD GOLD stage 1/2/4.
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Preparation of cigarette smoke extract. CSE was prepared as described  previously54. Briefly, the 
smoke from one full-strength Marlboro cigarette with filter removed (Phillip Morris) was passed through 10 ml 
of RPMI-1640 supplemented with 1% FCS and 15 mM L-glutamine, using a peristaltic pump. CSE was filter 
sterilised by passing the solution through a 0.2 μm filter. The optical density was measured at  OD320 wavelength, 
and values were diluted to achieve a value of 0.85 ± 0.03, which was considered 100% CSE.

Preparation of cell extracts and western blotting. Extraction of protein from lung tissue was per-
formed as described  previously55. Whole cell extraction of protein from cell lines was performed as described 
 previously56. Cell lysates were analysed by SDS-PAGE (Invitrogen) and specific proteins were detected using 
antibody probes followed by quantification of chemiluminescence (ECL Plus, GE Healthcare).

MTT assay. Cells were washed with PBS and 100 μl of medium containing MTT (final concentration 0.5 mg/
ml) was added. After 2 h incubation at 37 °C and 5%  CO2, MTT solution was aspirated and 100 μl DMSO was 
added. Following 30 min incubation at room temperature absorbance was measured at  OD570.

Overexpression of GFP‑LC3 and confocal microscopy. GFP-LC3 plasmid was purchased from 
Addgene and transfected into PMA-differentiated U937 macrophage-like cells cultivated on collagen-coated 
coverslips using Attractene transfection reagent (Qiagen). Following transfection, cells were rinsed with 0.05% 
Saponin in PBS and then fixed with 4% paraformaldehyde in PBS for 20 min. After washing the cells with PBS 
twice, the coverslips were washed with distilled water once and then mounted onto glass slides. Images were 
taken with a 63 × Plan Apochromat 1.4 NA objective on a Zeiss LSM-510 inverted confocal microscope (Carl 
Zeiss, Jena, Germany) at room temperature. Images were analysed and processed using ZEN acquisition soft-

Table 2.  COPD patient characteristics for serum study. Data are expressed as mean values ± SD. Frequent 
exacerbator is defined as patients having two or more exacerbations in 1 year. HV healthy volunteers, SM 
smokers, MRC Medical Research Council, 6MWD six minute walk distance.

HV + SM

COPD

StatsInfrequent exacerbator Frequent exacerbator

n 31 16 10

Male 45% 88% 70% P < 0.05

Age (y.o.) 61.4 ± 12.1 61.0 ± 9.6 69.8 ± 9.6 NS

Smoker 61% 100% 100% P < 0.01

Pack-years 23.8 ± 27.5 65.1 ± 26.3 76.5 ± 25.4 P < 0.0001

MRC dyspnea score 0.55 ± 0.93 1.56 ± 1.03 2.50 ± 0.85 P < 0.0001

Body mass index (kg/m2) 27.7 ± 6.3 24.0 ± 3.2 23.7 ± 4.3 P < 0.05

FEV1 / FVC (%) 82.8 ± 8.0 57.1 ± 10.8 48.1 ± 8.7 P < 0.0001

FEV1 (% predicted) 89.6 ± 13.5 57.5 ± 24.7 44.9 ± 21.1 P < 0.0001

FVC (% predicted) 86.1 ± 13.5 74.3 ± 19.2 72.8 ± 28.8 P < 0.05

6MWD (m) 497.6 ± 108.2 451.7 ± 129.7 315.8 ± 113.5 P < 0.001

Table 3.  Correlation of lung and serum galectin-8 with clinical parameter. Data are P values of correlation 
coefficient. N/A not available, MRC Medical Research Council, 6MWD six minute walk distance, GOLD Global 
Initiative for Chronic Obstructive Lung Disease.

Lung Serum

All COPD only
COPD 
(GOLD1 + 2)

COPD 
(GOLD3 + 4) All COPD only

COPD 
(GOLD1 + 2)

COPD 
(GOLD3 + 4)

Age 0.2593 0.6442 0.8951 0.1536 0.0718 0.1447 0.2212 0.5199

Pack-year 0.6373 0.3741 0.4166 0.8063 0.2563 0.3311 0.3227 0.9522

MRC dyspnea 
score N/A N/A N/A N/A 0.1212 0.2680 0.0450 0.9881

Body mass 
index (kg/m2) N/A N/A N/A N/A 0.7556 0.8879 0.7370 0.5786

FEV1 / FVC (%) 0.0671 0.5086 0.8150 0.5887 0.1795 0.1011 0.0251 0.1198

FEV1 (% pre-
dicted) 0.0805 0.4198 0.6763 0.3401 0.2737 0.8696 0.7097 0.8491

FVC (% pre-
dicted) N/A N/A N/A N/A 0.3937 0.4017 0.9166 0.4115

6MWD (m) N/A N/A N/A N/A 0.0030 0.0125 0.1435 0.1706
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ware. To quantify the percentage of cells with GFP-LC3 puncta, at least 50 cells per experiment were counted in 
randomly selected fields.

Real‑time quantitative PCR. Total cellular RNA was extracted using the RNeasy kit (Qiagen) and cDNA 
was prepared using the High capacity cDNA reverse transcription kit (Applied Biosystems). Real-time quantita-
tive PCR (RT-qPCR) analyses of NDP52, Galectin-8 and GNB2L1 were performed using TaqMan primers and 
probe sets from Thermo Fisher Scientific on the Applied Biosystems 7500 Real-Time PCR System.

ELISA. To determine expression of secreted proteins ELISAs were performed according to the manufac-
turer’s guidelines. Galectin-8 released into supernatant was measured by ELISA (RayBiotech) and if necessary 
results were normalised using the MTT assay. Serum Galectin-8 was measured using a high sensitivity ELISA 
(Cusabio). IL-6 in supernatant was measured by ELISA (R&D Systems, Minneapolis, MN, USA) or by electro-
chemiluminescence (Meso Scale Discovery).

Knock‑down of NDP52 expression. PMA-differentiated U937 cells were transfected with NDP52 siRNA 
(Cell Signaling Technology) or negative control siRNA (Thermo Fisher Scientific) in OPTI-MEM using Lipo-
fectamine RNAiMAX (Thermo Fisher Scientific). After 48 h incubation at 37˚C and 5%  CO2 transfected cells 
were ready for use.

Immunoprecipitation. PMA-differentiated U937 cells were collected and lysed by RIPA buffer. Then the 
protein was incubated with NDP52 antibody (Abcam) or rabbit IgG isotype control antibody (Proteintech) at 
4 °C overnight, and then incubated with Pierce Protein A/G Magnetic Beads (Thermo scientific) at room tem-
perature for 1 h. The immune complex was eluted at 100 °C for 5 min. The eluate was subjected to SDS-PAGE 
for Western blotting.

Detection of apoptosis. Apoptosis was evaluated by fluorescent microscope and flowcytometry, using an 
Apoptosis/Necrosis detection kit (Abcam) and Pacific Blue Annexin V Apoptosis Detection Kit (Biolegend), 
respectively. After appropriate treatments, cells were processed according to the manufacturer’s instructions. In 
microscopy experiments, a minimum of 1000 cells were counted per condition per experiment using Fiji soft-
ware (http://fiji.sc/Fiji). The data of flowcytometry were analysed with FlowJo software.

Caspase 3/7 activity assay. The activities of caspase-3/7 activity were evaluated using an Apo-ONE 
Homogeneous Caspase-3/7 Assay Kit (Promega), according to the manufacturer’s protocols. Briefly, BEAS-2B 
cells were seeded into 96-well plates and incubated overnight, and then cells were treated with 500 nM of galec-
tin-8 for 24 h. After that, Apo-ONE Caspase-3/7 Reagent was added to each well. Cells were incubated at room 
temperature for 1 h and the levels of luminescence of each well were measured. Caspase activities were deter-
mined by calculating the ratio of levels of luminescence of the treated cells to that of the non-treated cells, which 
was defined as 100%.

LC3 turnover assay. PMA-differentiated U937 macrophage-like cells were cultured in the presence and 
absence of 30% CSE for 24 h. Subsequently, cells were untreated or exposed to 100 nM bafilomycin A for 2 h. 
Cells were harvested, whole cell proteins were extracted as described above and protein lysates were analysed 
by Western blotting. The expression of LC3-II was quantified and normalised against the house keeping protein 
β-actin.

Long‑lived protein degradation assay. Long-lived protein degradation was determined by the modi-
fied method described  previously57. Briefly, PMA-differentiated U937 macrophage-like cells were cultured with 
methionine-free media containing homopropargylglycine (HPG) for 16 h to incorporate HPG into whole pro-
teins. Then the cells were cultured with normal media for 2 h to remove HPG in short-lived proteins. After that, 
the cells were treated with CSE in the presence and absence of 10 nM bafilomycin A for 24 h. Finally, the amount 
of HPG was measured with FACS using a Click-it HPG Alexa Fluor Protein Synthesis kit (Thermo Fisher, York-
shire, UK) according to the manufacturer’s instructions.

Statistical analysis. Data are expressed as means ± SEM. Results were analysed using Mann–Whitney’s U 
test, Wilcoxon matched-pairs signed rank test, ordinary one-way ANOVA with Dunnett’s multiple comparisons 
test or RM ordinary one-way ANOVA with Dunnett’s multiple comparisons test, as appropriate. Correlation was 
analysed using spearman correlation test. Prism software (GraphPad Software, Inc., San Diego, CA) was used 
for statistical calculations. Experiments were repeated at least three times. P < 0.05 was considered statistically 
significant.

Data availability
The datasets generated during the current study are available from the corresponding author on reasonable 
request.

Received: 7 March 2020; Accepted: 14 December 2020

http://fiji.sc/Fiji


12

Vol:.(1234567890)

Scientific Reports |          (2021) 11:335  | https://doi.org/10.1038/s41598-020-79848-0

www.nature.com/scientificreports/

References
 1. Mizushima, N., Yoshimori, T. & Ohsumi, Y. The role of Atg proteins in autophagosome formation. Annu. Rev. Cell Dev. Biol. 27, 

107–132. https ://doi.org/10.1146/annur ev-cellb io-09291 0-15400 5 (2011).
 2. Klionsky, D. J., Eskelinen, E. L. & Deretic, V. Autophagosomes, phagosomes, autolysosomes, phagolysosomes, autophagolys-

osomes… Wait I’m confused. Autophagy 10, 549–551. https ://doi.org/10.4161/auto.28448  (2014).
 3. Shaid, S., Brandts, C. H., Serve, H. & Dikic, I. Ubiquitination and selective autophagy. Cell Death Differ. 20, 21–30. https ://doi.

org/10.1038/cdd.2012.72 (2013).
 4. Tattoli, I., Sorbara, M. T., Philpott, D. J. & Girardin, S. E. Bacterial autophagy: The trigger, the target and the timing. Autophagy 8, 

1848–1850. https ://doi.org/10.4161/auto.21863  (2012).
 5. Jiang, P. & Mizushima, N. Autophagy and human diseases. Cell Res. 24, 69–79. https ://doi.org/10.1038/cr.2013.161 (2014).
 6. Barnes, P. J. et al. Chronic obstructive pulmonary disease. Nat. Rev. Dis. Primers 1, 15076. https ://doi.org/10.1038/nrdp.2015.76 

(2015).
 7. Barnes, P. J. Senescence in COPD and its comorbidities. Annu. Rev. Physiol. 79, 517–539. https ://doi.org/10.1146/annur ev-physi 

ol-02251 6-03431 4 (2017).
 8. Baker, J. R. et al. MicroRNA-570 is a novel regulator of cellular senescence and inflammaging. FASEB J. 33, 1605–1616. https ://

doi.org/10.1096/fj.20180 0965R  (2019).
 9. Chen, Z. H. et al. Egr-1 regulates autophagy in cigarette smoke-induced chronic obstructive pulmonary disease. PLoS ONE 3, 

e3316. https ://doi.org/10.1371/journ al.pone.00033 16 (2008).
 10. Chen, Z. H. et al. Autophagy protein microtubule-associated protein 1 light chain-3B (LC3B) activates extrinsic apoptosis during 

cigarette smoke-induced emphysema. Proc. Natl. Acad. Sci. USA 107, 18880–18885. https ://doi.org/10.1073/pnas.10055 74107  
(2010).

 11. Kim, H. P. et al. Autophagic proteins regulate cigarette smoke-induced apoptosis: Protective role of heme oxygenase-1. Autophagy 
4, 887–895. https ://doi.org/10.4161/auto.6767 (2008).

 12. Vij, N., Chandramani-Shivalingappa, P., Van Westphal, C., Hole, R. & Bodas, M. Cigarette smoke-induced autophagy impairment 
accelerates lung aging, COPD-emphysema exacerbations and pathogenesis. Am. J. Physiol. Cell Physiol. 314, C73-c87. https ://doi.
org/10.1152/ajpce ll.00110 .2016 (2018).

 13. Mercado, N. et al. Bicaudal D1 impairs autophagosome maturation in chronic obstructive pulmonary disease. FASEB BioAdv. 1, 
688–705. https ://doi.org/10.1096/fba.2018-00055  (2019).

 14. Monick, M. M. et al. Identification of an autophagy defect in smokers’ alveolar macrophages. J. Immunol. 185, 5425–5435. https 
://doi.org/10.4049/jimmu nol.10016 03 (2010).

 15. Thurston, T. L., Wandel, M. P., von Muhlinen, N., Foeglein, A. & Randow, F. Galectin 8 targets damaged vesicles for autophagy to 
defend cells against bacterial invasion. Nature 482, 414–418. https ://doi.org/10.1038/natur e1074 4 (2012).

 16. Verlhac, P. et al. Autophagy receptor NDP52 regulates pathogen-containing autophagosome maturation. Cell Host Microbe 17, 
515–525. https ://doi.org/10.1016/j.chom.2015.02.008 (2015).

 17. Falcon, B., Noad, J., McMahon, H., Randow, F. & Goedert, M. Galectin-8-mediated selective autophagy protects against seeded 
tau aggregation. J. Biol. Chem. 293, 2438–2451. https ://doi.org/10.1074/jbc.M117.80929 3 (2018).

 18. Li, F. Y. et al. Helicobacter pylori induces intracellular galectin-8 aggregation around damaged lysosomes within gastric epithelial 
cells in a host O-glycan-dependent manner. Glycobiology 29, 151–162. https ://doi.org/10.1093/glyco b/cwy09 5 (2019).

 19. Montespan, C. et al. Multi-layered control of Galectin-8 mediated autophagy during adenovirus cell entry through a conserved 
PPxY motif in the viral capsid. PLoS Pathog. 13, e1006217. https ://doi.org/10.1371/journ al.ppat.10062 17 (2017).

 20. Eshkar Sebban, L. et al. The involvement of CD44 and its novel ligand galectin-8 in apoptotic regulation of autoimmune inflam-
mation. J. Immunol. 179, 1225–1235. https ://doi.org/10.4049/jimmu nol.179.2.1225 (2007).

 21. Hadari, Y. R. et al. Galectin-8 binding to integrins inhibits cell adhesion and induces apoptosis. J. Cell Sci. 113(Pt 13), 2385–2397 
(2000).

 22. Arbel-Goren, R., Levy, Y., Ronen, D. & Zick, Y. Cyclin-dependent kinase inhibitors and JNK act as molecular switches, regulating 
the choice between growth arrest and apoptosis induced by galectin-8. J. Biol. Chem. 280, 19105–19114. https ://doi.org/10.1074/
jbc.M5020 60200  (2005).

 23. Mizushima, N., Yoshimori, T. & Levine, B. Methods in mammalian autophagy research. Cell 140, 313–326. https ://doi.org/10.1016/j.
cell.2010.01.028 (2010).

 24. Hyttinen, J. M., Niittykoski, M., Salminen, A. & Kaarniranta, K. Maturation of autophagosomes and endosomes: A key role for 
Rab7. Biochem. Biophys. Acta 1833, 503–510. https ://doi.org/10.1016/j.bbamc r.2012.11.018 (2013).

 25. von Muhlinen, N. et al. LC3C, bound selectively by a noncanonical LIR motif in NDP52, is required for antibacterial autophagy. 
Mol. Cell 48, 329–342. https ://doi.org/10.1016/j.molce l.2012.08.024 (2012).

 26. Zhou, J. S. et al. Autophagy plays an essential role in cigarette smoke-induced expression of MUC5AC in airway epithelium. Am. 
J. Physiol. Lung Cell Mol. Physiol. 310, L1042-1052. https ://doi.org/10.1152/ajplu ng.00418 .2015 (2016).

 27. Bjørkøy, G. et al. p62/SQSTM1 forms protein aggregates degraded by autophagy and has a protective effect on huntingtin-induced 
cell death. J. Cell Biol. 171, 603–614. https ://doi.org/10.1083/jcb.20050 7002 (2005).

 28. Zhao, Y. et al. Autophagy is induced by UVA and promotes removal of oxidized phospholipids and protein aggregates in epidermal 
keratinocytes. J. Invest. Dermatol. 133, 1629–1637. https ://doi.org/10.1038/jid.2013.26 (2013).

 29. Thurston, T. L., Ryzhakov, G., Bloor, S., von Muhlinen, N. & Randow, F. The TBK1 adaptor and autophagy receptor NDP52 restricts 
the proliferation of ubiquitin-coated bacteria. Nat. Immunol. 10, 1215–1221. https ://doi.org/10.1038/ni.1800 (2009).

 30. Zalacain, R. et al. Predisposing factors to bacterial colonization in chronic obstructive pulmonary disease. Eur. Respir. J. 13, 
343–348. https ://doi.org/10.1034/j.1399-3003.1999.13b21 .x (1999).

 31. Sethi, S., Maloney, J., Grove, L., Wrona, C. & Berenson, C. S. Airway inflammation and bronchial bacterial colonization in chronic 
obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 173, 991–998. https ://doi.org/10.1164/rccm.20050 9-1525O C (2006).

 32. Patel, I. S. et al. Relationship between bacterial colonisation and the frequency, character, and severity of COPD exacerbations. 
Thorax 57, 759–764. https ://doi.org/10.1136/thora x.57.9.759 (2002).

 33. Papi, A. et al. Infections and airway inflammation in chronic obstructive pulmonary disease severe exacerbations. Am. J. Respir. 
Crit. Care Med. 173, 1114–1121. https ://doi.org/10.1164/rccm.20050 6-859OC  (2006).

 34. Zick, Y. et al. Role of galectin-8 as a modulator of cell adhesion and cell growth. Glycoconj. J. 19, 517–526. https ://doi.org/10.1023/
B:GLYC.00000 14081 .55445 .af (2002).

 35. Dupont, N. et al. Autophagy-based unconventional secretory pathway for extracellular delivery of IL-1beta. EMBO J. 30, 4701–
4711. https ://doi.org/10.1038/emboj .2011.398 (2011).

 36. Ferrari, R. et al. Three-year follow-up of Interleukin 6 and C-reactive protein in chronic obstructive pulmonary disease. Respir. 
Res. 14, 24. https ://doi.org/10.1186/1465-9921-14-24 (2013).

 37. Moy, M. L. et al. Daily step count is associated with plasma C-reactive protein and IL-6 in a US cohort with COPD. Chest 145, 
542–550. https ://doi.org/10.1378/chest .13-1052 (2014).

 38. Walter, R. E. et al. Systemic inflammation and COPD: The Framingham Heart Study. Chest 133, 19–25. https ://doi.org/10.1378/
chest .07-0058 (2008).

https://doi.org/10.1146/annurev-cellbio-092910-154005
https://doi.org/10.4161/auto.28448
https://doi.org/10.1038/cdd.2012.72
https://doi.org/10.1038/cdd.2012.72
https://doi.org/10.4161/auto.21863
https://doi.org/10.1038/cr.2013.161
https://doi.org/10.1038/nrdp.2015.76
https://doi.org/10.1146/annurev-physiol-022516-034314
https://doi.org/10.1146/annurev-physiol-022516-034314
https://doi.org/10.1096/fj.201800965R
https://doi.org/10.1096/fj.201800965R
https://doi.org/10.1371/journal.pone.0003316
https://doi.org/10.1073/pnas.1005574107
https://doi.org/10.4161/auto.6767
https://doi.org/10.1152/ajpcell.00110.2016
https://doi.org/10.1152/ajpcell.00110.2016
https://doi.org/10.1096/fba.2018-00055
https://doi.org/10.4049/jimmunol.1001603
https://doi.org/10.4049/jimmunol.1001603
https://doi.org/10.1038/nature10744
https://doi.org/10.1016/j.chom.2015.02.008
https://doi.org/10.1074/jbc.M117.809293
https://doi.org/10.1093/glycob/cwy095
https://doi.org/10.1371/journal.ppat.1006217
https://doi.org/10.4049/jimmunol.179.2.1225
https://doi.org/10.1074/jbc.M502060200
https://doi.org/10.1074/jbc.M502060200
https://doi.org/10.1016/j.cell.2010.01.028
https://doi.org/10.1016/j.cell.2010.01.028
https://doi.org/10.1016/j.bbamcr.2012.11.018
https://doi.org/10.1016/j.molcel.2012.08.024
https://doi.org/10.1152/ajplung.00418.2015
https://doi.org/10.1083/jcb.200507002
https://doi.org/10.1038/jid.2013.26
https://doi.org/10.1038/ni.1800
https://doi.org/10.1034/j.1399-3003.1999.13b21.x
https://doi.org/10.1164/rccm.200509-1525OC
https://doi.org/10.1136/thorax.57.9.759
https://doi.org/10.1164/rccm.200506-859OC
https://doi.org/10.1023/B:GLYC.0000014081.55445.af
https://doi.org/10.1023/B:GLYC.0000014081.55445.af
https://doi.org/10.1038/emboj.2011.398
https://doi.org/10.1186/1465-9921-14-24
https://doi.org/10.1378/chest.13-1052
https://doi.org/10.1378/chest.07-0058
https://doi.org/10.1378/chest.07-0058


13

Vol.:(0123456789)

Scientific Reports |          (2021) 11:335  | https://doi.org/10.1038/s41598-020-79848-0

www.nature.com/scientificreports/

 39. Anderson, G. P. COPD, asthma and C-reactive protein. Eur. Respir. J. 27, 874–876. https ://doi.org/10.1183/09031 936.06.00029 306 
(2006).

 40. Carabelli, J. et al. Interleukin-6 signalling mediates galectin-8 co-stimulatory activity of antigen-specific CD4 T-cell response. 
Immunology 155, 379–386. https ://doi.org/10.1111/imm.12980  (2018).

 41. Cattaneo, V. et al. Galectin-8 elicits pro-inflammatory activities in the endothelium. Glycobiology 24, 966–973. https ://doi.
org/10.1093/glyco b/cwu06 0 (2014).

 42. Levy, Y., Ronen, D., Bershadsky, A. D. & Zick, Y. Sustained induction of ERK, protein kinase B, and p70 S6 kinase regulates cell 
spreading and formation of F-actin microspikes upon ligation of integrins by galectin-8, a mammalian lectin. J. Biol. Chem. 278, 
14533–14542. https ://doi.org/10.1074/jbc.M2073 80200  (2003).

 43. Vanhaesebroeck, B., Whitehead, M. A. & Pineiro, R. Molecules in medicine mini-review: Isoforms of PI3K in biology and disease. 
J. Mol. Med. 94, 5–11. https ://doi.org/10.1007/s0010 9-015-1352-5 (2016).

 44. Mizumura, K., Maruoka, S., Shimizu, T. & Gon, Y. Autophagy, selective autophagy, and necroptosis in COPD. Int. J. Chron. Obstruct. 
Pulmon. Dis. 13, 3165–3172. https ://doi.org/10.2147/copd.S1758 30 (2018).

 45. Linkermann, A., Stockwell, B. R., Krautwald, S. & Anders, H. J. Regulated cell death and inflammation: An auto-amplification 
loop causes organ failure. Nat. Rev. Immunol. 14, 759–767. https ://doi.org/10.1038/nri37 43 (2014).

 46. Mizumura, K. et al. Mitophagy-dependent necroptosis contributes to the pathogenesis of COPD. J. Clin. Investig. 124, 3987–4003. 
https ://doi.org/10.1172/jci74 985 (2014).

 47. Pouwels, S. D. et al. Cigarette smoke-induced necroptosis and DAMP release trigger neutrophilic airway inflammation in mice. 
Am. J. Physiol. Lung Cell. Mol. Physiol. 310, L377-386. https ://doi.org/10.1152/ajplu ng.00174 .2015 (2016).

 48. Yoshida, M. et al. Involvement of cigarette smoke-induced epithelial cell ferroptosis in COPD pathogenesis. Nat. Commun. 10, 
3145. https ://doi.org/10.1038/s4146 7-019-10991 -7 (2019).

 49. Hogg, J. C. et al. The nature of small-airway obstruction in chronic obstructive pulmonary disease. N. Engl. J. Med. 350, 2645–2653. 
https ://doi.org/10.1056/NEJMo a0321 58 (2004).

 50. Grashoff, W. F. et al. Chronic obstructive pulmonary disease: Role of bronchiolar mast cells and macrophages. Am. J. Pathol. 151, 
1785–1790 (1997).

 51. Kobayashi, Y. et al. A novel macrolide/fluoroketolide, solithromycin (CEM-101), reverses corticosteroid insensitivity via phospho-
inositide 3-kinase pathway inhibition. Br. J. Pharmacol. 169, 1024–1034. https ://doi.org/10.1111/bph.12187  (2013).

 52. Global Initiative for Chronic Obstructive Lung Disease (GOLD). Global Strategy for the Diagnosis, Management and Prevention 
of COPD (2016).

 53. Ding, L. et al. A lung tissue bank for gene expression studies in chronic obstructive pulmonary disease. Copd 1, 191–204 (2004).
 54. Mercado, N., To, Y., Ito, K. & Barnes, P. J. Nortriptyline reverses corticosteroid insensitivity by inhibition of phosphoinositide-

3-kinase-delta. J. Pharmacol. Exp. Ther. 337, 465–470. https ://doi.org/10.1124/jpet.110.17595 0 (2011).
 55. Ito, K. et al. Decreased histone deacetylase activity in chronic obstructive pulmonary disease. N. Engl. J. Med. 352, 1967–1976. 

https ://doi.org/10.1056/NEJMo a0418 92 (2005).
 56. Colley, T. et al. Defective sirtuin-1 increases IL-4 expression through acetylation of GATA-3 in patients with severe asthma. J. 

Allergy Clin. Immunol. 137, 1595-1597.e1597. https ://doi.org/10.1016/j.jaci.2015.10.013 (2016).
 57. Zhang, J., Wang, J., Ng, S., Lin, Q. & Shen, H. M. Development of a novel method for quantification of autophagic protein degrada-

tion by AHA labeling. Autophagy 10, 901–912. https ://doi.org/10.4161/auto.28267  (2014).

Author contributions
Y.K. and T.C. designed the study. Y.K., T.C., M.T. and J.R.B. conducted in vitro assays. Y.K., T.C., M.T., J.R.B. and 
K.I. performed the data analysis. Y.K., T.C., A.I.P., N.M., M.T., J.R.B., Y.T., S.A., K.H., P.J.B. and K.I. interpreted 
the results and wrote the manuscript.

Competing interests 
K.I. and T.C. were employees of Pulmocide Ltd. with honorary contract with Imperial College when the experi-
ments were carried out. The rest of authors have no competing interest.

Additional information
Supplementary Information The online version contains supplementary material available at https ://doi.
org/10.1038/s4159 8-020-79848 -0.

Correspondence and requests for materials should be addressed to Y.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

https://doi.org/10.1183/09031936.06.00029306
https://doi.org/10.1111/imm.12980
https://doi.org/10.1093/glycob/cwu060
https://doi.org/10.1093/glycob/cwu060
https://doi.org/10.1074/jbc.M207380200
https://doi.org/10.1007/s00109-015-1352-5
https://doi.org/10.2147/copd.S175830
https://doi.org/10.1038/nri3743
https://doi.org/10.1172/jci74985
https://doi.org/10.1152/ajplung.00174.2015
https://doi.org/10.1038/s41467-019-10991-7
https://doi.org/10.1056/NEJMoa032158
https://doi.org/10.1111/bph.12187
https://doi.org/10.1124/jpet.110.175950
https://doi.org/10.1056/NEJMoa041892
https://doi.org/10.1016/j.jaci.2015.10.013
https://doi.org/10.4161/auto.28267
https://doi.org/10.1038/s41598-020-79848-0
https://doi.org/10.1038/s41598-020-79848-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Cigarette smoke-induced impairment of autophagy in macrophages increases galectin-8 and inflammation
	Results
	Cigarette smoke exposure impairs autophagic flux in macrophages. 
	Cigarette smoke disrupts the galectin-8NDP52 pathway. 
	Extracellular release of galectin-8 was NDP52-dependent. 
	Galectin-8 induces inflammation in bronchial epithelial cells in a PI3Kα-dependent manner. 
	Galectin-8 and NDP52 increased in COPD lungs. 
	Discussion. 


	Methods
	Reagents. 
	Cell culture. 
	Patients. 
	Preparation of cigarette smoke extract. 
	Preparation of cell extracts and western blotting. 
	MTT assay. 
	Overexpression of GFP-LC3 and confocal microscopy. 
	Real-time quantitative PCR. 
	ELISA. 
	Knock-down of NDP52 expression. 
	Immunoprecipitation. 
	Detection of apoptosis. 
	Caspase 37 activity assay. 
	LC3 turnover assay. 
	Long-lived protein degradation assay. 
	Statistical analysis. 

	References


