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ABSTRACT Chronic obstructive pulmonary disease (COPD) is punctuated by episodes of infectiondriven acute exacerbations. Despite the life-threatening nature of these exacerbations, the underlying
mechanisms remain unclear, although a high number of neutrophils in the lungs of COPD patients is
known to correlate with poor prognosis. Interleukin (IL)-22 is a cytokine that plays a pivotal role in lung
antimicrobial defence and tissue protection. We hypothesised that neutrophils secrete proteases that may
have adverse effects in COPD, by altering the IL-22 receptor (IL-22R)-dependent signalling.
Using in vitro and in vivo approaches as well as reverse transcriptase quantitative PCR, flow cytometry
and/or Western blotting techniques, we first showed that pathogens such as the influenza virus promote
IL-22R expression in human bronchial epithelial cells, whereas Pseudomonas aeruginosa, bacterial
lipopolysaccharide or cigarette smoke do not. Most importantly, neutrophil proteases cleave IL-22R and
impair IL-22-dependent immune signalling and expression of antimicrobial effectors such as β-defensin-2.
This proteolysis resulted in the release of a soluble fragment of IL-22R, which was detectable both in
cellular and animal models as well as in sputa from COPD patients with acute exacerbations.
Hence, our study reveals an unsuspected regulation by the proteolytic action of neutrophil enzymes of
IL-22-dependent lung host response. This process probably enhances pathogen replication, and ultimately
COPD exacerbations.
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Introduction
Acute episodes of exacerbation mark the progression of chronic obstructive pulmonary disease (COPD),
leading to substantial morbidity and mortality. COPD exacerbations are triggered mostly by respiratory
viruses and bacteria, which infect the lower airway and promote persistent airway inflammation [1].
The mechanisms responsible for the increased susceptibility of COPD patients to respiratory pathogens are
still unclear.
Interestingly, several studies have shown that interleukin (IL)-22, through its receptor (IL-22R), promotes
antimicrobial immunity, inflammation and tissue repair at barrier surfaces [2, 3]. IL-22 is part of the IL-10
cytokine family. The cell surface IL-22R complex consists of the receptor chains IL-22R1 and IL-10R2.
IL-22 is an unusual interleukin because it does not directly regulate the function of immune cells and
instead targets cells at barriers that separate the body from its external environment, such as the
respiratory epithelium. We and others previously demonstrated that IL-22 protects and regenerates
respiratory epithelial cells upon infection with influenza virus and limits secondary bacterial infections [4].
COPD is also characterised by high numbers of leukocytes, such as neutrophils in the lungs [5, 6]. The
accumulation and activation of neutrophils in COPD result in the excessive secretion of inflammatory
molecules. Many studies suggest that neutrophil-derived proteases such as elastase and cathepsin G are key
mediators of lung damage [5–7]. Neutrophil proteases degrade soluble mediators or matrix components
and alter cell surface receptors [5]. Thus, we and others previously demonstrated that elastase and
cathepsin G can deactivate receptors involved in host defence and inflammation, including the
lipopolysaccharide (LPS) co-receptor CD14 [8, 9] and various protease-activated receptors [10, 11].
Defects in innate defence mechanisms have been documented in patients suffering from COPD, despite
the abundance of innate immune cells such as neutrophils, which predominate in the airway wall and
lumen of COPD patients [5, 6]. Such immune defects may predispose COPD patients to viral or bacterial
infections, which aggravate the disease.
Regarding the IL-22/IL-22R antimicrobial pathway, we hypothesised that any alteration of IL-22R in the
lungs of COPD patients may compromise innate defence mechanisms and enhance susceptibility to
infections. More specifically, we examined whether IL-22R expressed on lung epithelial cells is targeted by
the neutrophil proteases present at the surface of lung mucosa. Our current findings establish for the first
time that neutrophil serine proteases cleave the IL-22R1 receptor subunit and inhibit IL-22-mediated
epithelial cell responses, such as the production of antimicrobial peptides.

Methods
Detailed methods are available in the online supplementary material.
Virus, bacteria, cell cultures and mice
The pathogenic human-origin H3N2 Influenza A virus (IAV) strain Scotland/20/74 and the Pseudomonas
aeruginosa mutant strain PAK ΔpscF have been described previously [12, 13]. Experiments were performed
using the human bronchial epithelial cell line BEAS-2B and primary human cell cultures (MucilAir;
Epithelix Sarl, Geneva, Switzerland). Protocols involving BALB/c mice (female, 18–20 g) were approved by
the local ethics committee (agreement CEEA VdL 2012-12-6).
Preparation of cigarette smoke extract
The smoke from two cigarettes was bubbled into 10 mL of medium and the resulting cigarette smoke
extract (CSE) solution was considered to be 100% CSE. Control medium was made by bubbling room air
into medium under the same conditions.
Neutrophil activation, measurement and inhibition of protease activities
Human blood neutrophils were purified as described previously [14]. Proteinase activity was measured as
described in [15], and specific fluorescence resonance energy transfer substrates of neutrophil elastase
(NE) or cathepsin G (CG) were used.
Infection and treatment of lung epithelial cells
Cells were incubated with the following microbial triggers to investigate the effects of infection: IAV at a
multiplicity of infection (MOI) of 1, polyinosinic:polycytidylic acid ( poly(I:C)) at 5 µg·mL−1, LPS at
10 µg·mL−1 or P. aeruginosa at a MOI of 1. Cells were also exposed to 5% CSE or 5% room air media
(made from freshly prepared 100% CSE or room air media) for 6 h to investigate the effects of CSE.
Finally, cells were incubated with either supernatant from activated neutrophils, NE or CG for 30 min at
37°C to investigate the effects of neutrophil serine proteases. The cells were then washed with PBS and
reactions were stopped by the addition of a protease inhibitor cocktail.
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Infection and treatment of mice
CSE-challenged mice
Animals were exposed to the smoke of 18 cigarettes twice daily (5 days·week−1) for 8–16 weeks using a
whole-body smoke exposure system. Age-matched control animals were exposed to room air only.
Mice infected with IAV
Mice were infected intranasally with IAV in sterile PBS in a total volume of 40 µL. For sublethal infection,
3×103 plaque-forming units of H3N2 IAV were instilled.
CG-challenged mice
CG, α-antichymotrypsin (ACT)-treated CG or PBS alone was administered intranasally to the mice in a
final volume of 40 µL. Bronchoalveolar lavage (BAL) was performed 2 h after instillation.
Human samples
Human lung tissues from nonsmokers, smokers and COPD patients were obtained from patients
undergoing surgery for lung carcinoma. Lung samples were located ⩾3 cm away from the edge of the
tumour, and the absence of carcinoma was verified histologically. Sputa were collected prospectively from
COPD patients or patients with acute exacerbation (AE) of COPD, and the presence of IL-22R1 receptor
was assessed by Western blotting. A pool of sputum served as calibrator for comparisons. The study was
approved by the French national bioethics authorities (CPP-37 2012-R21). Informed written consent was
obtained from each participant.
Statistical analysis
Results are expressed as mean±SEM. Statistical significance was analysed using the Mann–Whitney test or
the Kruskal–Wallis test (and Dunn’s test for post hoc comparisons) according to the number of groups to
be analysed. Statistical analysis was performed using GraphPad Prism 5 (La Jolla, CA, USA). A p-value
<0.05 was considered significant.

Results
Viral infection upregulates IL-22R in lung epithelial cells
IL-22/IL-22R1 stimulates epithelial host defence and maintains epithelial homeostasis [2]. However, it is
not known how microbial triggers regulate IL-22R1 expression in lung epithelial cells. This prompted us to
assess the expression of IL-22R1 using reverse transcriptase quantitative PCR and flow cytometry in
human bronchial epithelial cells exposed or not to 1) replicative IAV; 2) poly(I:C), a synthetic viral
mimetic agonist; 3) the Gram-negative bacteria P. aeruginosa; or 4) LPS, a major cell wall component of
Gram-negative bacteria. IL-22R1 was constitutively expressed in human bronchial epithelial BEAS-2B cells.
IL-22R1 expression was higher in IAV-infected cells and poly(I:C)-challenged cells than in control cells
(8.6- and 6.1-fold higher, respectively, p<0.01; fig. 1a). By contrast, neither P. aeruginosa nor LPS affected
the expression of IL-22R1 (fig. 1a). These results were confirmed at the protein level using flow cytometry
(fig. 1b). This lack of modulation was not due to a difference in the immunostimulatory activity between
bacterial and viral triggers, because the secretion of IL-6 upon exposure of BEAS-2B cells to each stimulus
was very similar (>1000 pg·mL−1; fig. 1c). In vivo, IL-22R1 was approximately 200-fold higher in mouse
upper airways (tracheal and bronchial compartment) than in the distal lung compartment ( p<0.0001; data
not shown). IL-22R1 was also significantly upregulated in murine airways infected by IAV (3.1-fold higher
than in control mice, p<0.01; fig. 1d).
Cigarette smoke does not modulate IL-22R expression
Recurrent infections in smokers or COPD patients suggest that these individuals have defects in innate
immunity defence mechanisms against lung pathogens [16]. We investigated whether IL-22R1 expression
was impaired by cigarette smoke in epithelial cells, because these cells are the first to come into contact
with inhaled smoke. As expected, epithelial cells exposed to CSE produced high levels of IL-8 (3.6-fold
higher, p<0.01) and NAD(P)H quinone oxidoreductase 1 (2.6-fold higher, p<0.05) than in control cells
(not shown). However, IL-22R1 mRNA and protein expression was unaffected by exposure to CSE
( p>0.05; fig. 2a).
The exposure of bronchial epithelial cells to CSE is a reductionist and acute experimental model; therefore,
we also verified these findings in mice chronically exposed to cigarette smoke for 8–16 weeks. Survival was
not affected by smoke exposure. As expected, induction of emphysema (as assessed by alveolar space
enlargement) was observed and CXCL1 expression was significantly upregulated (fig. 2b). By contrast,
smoke exposure did not affect the abundance of IL-22R1 RNA in the lungs ( p>0.05; fig. 2b). Nevertheless,
we subsequently analysed IL-22R1 expression in the lungs of COPD patients. Indeed, COPD is a
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FIGURE 1 Microbial triggers regulate interleukin (IL)-22 receptor (IL-22R) expression. Human bronchial epithelial
BEAS-2B cells were either infected with influenza A virus (IAV) at multiplicity of infection (MOI)=1 for 20 h; treated
with polyinosinic:polycytidylic acid (PIC) at 5 µg·mL−1 for 20 h; infected with Pseudomonas aeruginosa mutant strain
PAK ΔpscF (PA) at MOI=1 for 4 h (bacteria were then removed and medium with gentamycin was added for 16 h); or
treated with lipopolysaccharide (LPS) at 10 µg·mL−1 for 20 h. a) Abundance of IL-22R1 mRNA was determined by
reverse transcriptase quantitative PCR and normalised to the abundance of HPRT1 mRNA; b) cell surface expression of
IL-22R1 protein was assessed using flow cytometry and expressed as the median value of fluorescence; c) cell activation
by each stimulus was confirmed by measuring the release of IL-6 using ELISA; d) BALB/c mice (n=5–7 per group) were
infected with a sublethal dose of H3N2 IAV (3×103 plaque-forming units). Mouse lungs were collected 2 days
post-infection and the abundance of IL-22R1 mRNA was determined using reverse transcriptase quantitative PCR and
normalised to that of RPLP0 mRNA. Data are pesented as mean±SEM of at least three independent experiments. NS:
nonsignificant. *: p<0.05, Mann–Whitney test or Kruskal–Wallis test.

multifactorial pathological process and thus cannot be considered solely as an outcome of exposure to
cigarette smoke. We examined lung tissue from 129 patients (mean±SEM age 65.6±1 years) undergoing
surgery for lung carcinoma, consisting of 14 (11%) nonsmokers, 53 (41%) “healthy” smokers and 62
(48%) COPD patients. Among the COPD patients, 24 (19%) were Global Initiative for Chronic
Obstructive Lung Disease (GOLD) stage 1, 30 (23%) were GOLD stage 2 and 8 (6%) were GOLD stage
3. IL-22R1 expression was neither associated with smoking status nor COPD severity grade (fig. 2c). We
obtained similar findings with proximal primary airway epithelial cells from control individuals (n=6),
“healthy” smokers (n=3) and COPD patients (n=4) ( p>0.05; fig. 2d).
Effect of neutrophil serine proteinases on IL-22R expression
In view of the foregoing negative data and the evidence that neutrophilia is a pathological hallmark of
COPD [17], we then formulated a distinct hypothesis. Can neutrophils impair directly or indirectly IL-22R
expression and function? We first examined the effect of supernatant from activated neutrophils on the
abundance of IL-22R1 at the surface of IAV-challenged epithelial BEAS-2B cells. IL-22R1 expression was
strongly impaired under these conditions, whereas α-1-proteinase inhibitor (a broad-spectrum inhibitor of
serine proteases including NE, proteinase 3 and CG) prevented the disappearance of the receptor (fig. 3a).
To identify the key proteinase involved in the decrease of IL-22R expression, we repeated this experiment
with a more specific inhibitor, ACT, which reacts only with CG [18]. Interestingly, ACT prevented the
disappearance of IL-22R1 signal, suggesting a prominent role for CG in this process (fig. 3a). Next, we
investigated whether IL-22R1 expression was altered in the lungs of a mouse model of cigarette
smoke-induced COPD. As expected, the number of neutrophils in fluid collected by BAL was higher in
mice chronically challenged by cigarette smoke than in room-air control mice (>30-fold higher, p<0.01;
fig. 3b). Although the abundance of IL-22R1 RNA was not affected by cigarette smoke, the abundance of
IL-22R1 protein was approximatively twofold lower in the lungs of cigarette smoke-exposed mice
compared to control animals ( p<0.02; fig. 3b).
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FIGURE 2 Cigarette smoke does not modulate interleukin (IL)-22 receptor (IL-22R) expression. a) Human bronchial epithelial BEAS-2B cells were exposed to 5%
cigarette smoke extract (CSE) or 5% room air (control) for 6 h. Cell activation by CSE was verified by measuring IL-8 secretion using ELISA and the expression of
NAD(P)H quinone oxidoreductase 1 (NQO1) using reverse transcriptase quantitative (RT-q)PCR (data not shown). The abundance of IL-22R1 mRNA and protein
expression was further assessed using RT-qPCR and flow cytometry, respectively. b) BALB/c mice (n=6–10 per group) were exposed to cigarette smoke (CS) for
8–16 weeks (w) using a whole-body smoke exposure system. The alveolar airspace enlargement in lung sections was measured as an index of emphysema
induction; the expression of the inflammatory marker CXCL1 as well as that of IL-22R1 was analysed in mouse lungs using RT-qPCR. c) IL-22R1 expression was
also assessed using RT-qPCR in human lung tissue samples from 129 patients undergoing thoracic surgery, including 14 (11%) nonsmokers, 53 (41%) “healthy”
smokers and 62 (48%) chronic obstructive pulmonary disease (COPD) patients. Among the COPD patients, 24 (19%) were classified as Global Initiative for
Chronic Obstructive Lung Disease (GOLD) stage I, 30 (23%) were GOLD stage II and 8 (6%) were GOLD stage III. d) IL-22R1 expression was also assessed using
RT-qPCR in primary cultures of proximal airway epithelial cells isolated from nonsmokers (n=6), “healthy” smokers (n=3) or COPD patients (n=4). Data are
presented as mean±SEM (a, b and d) of three (a) or two (b) independent experiments. The median is shown in c). MFI: mean fluorescence intensity. *: p<0.05
a) Mann–Whitney test or b, c) Kruskal–Wallis test (and Dunn’s test for post hoc comparisons).

CG impairs the IL-22-triggered activation of bronchial epithelial cells
Binding of IL-22 to its receptor is known to induce a downstream signalling pathway that involves the
phosphorylation at Tyr705 of the transcription factor STAT3. Phosphorylated STAT3 then mediates the
biological effects of IL-22 on epithelial cells, such as the production of the antimicrobial peptide
β-defensin 2 [2]. We pretreated bronchial epithelial BEAS-2B cells with either a supernatant of activated
neutrophils, or 1 μM CG or NE for 30 min before the addition of an optimal concentration of
recombinant IL-22 (20 ng·mL−1) to assess the functional effect of neutrophil serine proteinases on
signalling via IL-22R1. The abundance of phosphorylated STAT3 was lower in BEAS-2B cells pretreated
with a supernatant of activated neutrophils or NE, but was even more decreased in BEAS-2B cells
pretreated with CG than in untreated control cells (fig. 4a). Consistently, the induction of hBD-2
expression was also strongly impaired in CG-pretreated cells (fig. 4b).
Cathepsin G cleaves the IL-22R1 and releases a soluble fragment
Based on the foregoing data which suggested a critical downregulatory effect of CG on IL-22R alteration,
we decided to further focus on CG. We found that a progressive decrease of IL-22R1 expression in
BEAS-2B cells was negatively correlated with CG concentrations (0.01–1 μM), down to 50% of the control
values (fig. 5a). We also treated BEAS-2B cells with cytochalasin B before CG treatment to exclude the
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FIGURE 3 Effect of neutrophil serine proteinases on interleukin (IL)-22 receptor (IL-22R) expression. a) Cell surface
expression of IL-22R was assessed using flow cytometry in BEAS-2B cells infected with influenza A virus at multiplicity
of infection of 1 for 20 h. Cells were further incubated with supernatants from activated neutrophils (PMN-Sup) for
30 min at 37°C. α1-protease inhibitor (α1Pi) was used to broadly inhibit neutrophil serine proteases (including elastase,
proteinase 3 and cathepsin G). α1-antichymotrypsin (ACT) was used to specifically inhibit cathepsin G. b) BALB/c mice
(n=6–10 per group) were exposed for 8 weeks to cigarette smoke (CS) using a whole-body smoke exposure system.
Bronchoalveolar lavage fluids were collected and neutrophil counts were assessed using flow cytometry, and the
abundance of IL-22R1 protein was determined in the lungs by immunoblotting. The IL-22R1 signal was normalised to
that of β-actin. The results of representative gels are shown. Data are presented as mean±SEM of three (a) or two (b)
independent experiments. *: p<0.05, Kruskal–Wallis test (and Dunn’s test for post hoc comparisons).

possibility that an intracellular pathway triggered by CG results in the downregulation of IL-22R1. The
accumulation of this receptor at the cell surface was still strongly impaired under these conditions and was
comparable to that observed in cells without cytochalasin B and treated with CG (data not shown). The
foregoing results led us to examine whether CG affects the abundance of IL-22R1 by a direct proteolysis.
We preformed immunoblotting with cell lysates and supernatants collected from BEAS-2B cells exposed to
either a supernatant of activated neutrophils or CG and probed the resulting membranes with a specific
antibody targeted against the extracellular part of IL-22R1. We observed a major band of ∼62 kDa
corresponding to intact IL-22R1 in cell lysates (fig. 5b). By contrast, full-length IL-22R1 was clearly
decreased in cells exposed to neutrophil supernatants and undetectable in cells exposed to CG. Conversely,
IL-22R1 degradation by CG was prevented by the presence of ACT or when CG was heat-inactivated
(fig. 5b). Remarkably, a major band of ∼25 kDa was present in the medium of cells exposed to neutrophil
supernatants or CG (fig. 5b), suggesting that CG cleaves the IL-22R1 subunit and releases the extracellular
part of the receptor into the medium. Next, we sought to investigate whether IL-22R proteolysis also
occurs in vivo. Mice were challenged intranasally with purified CG (0.2 µM), and BAL fluids were
collected 2 h later for immunoblotting. Neither spontaneous mortality nor lung inflammation occurred
under these conditions and IL-6 concentration was similar in BAL fluid from CG-treated and control mice
(data not shown). As expected, CG activity was recovered in BAL fluids (fig. 5c). More importantly, a
25-kDa fragment of IL-22R was observed in BAL fluids from CG-exposed mice ( p<0.02), but not in
animals which received both CG and α1-ACT (fig. 5c).
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FIGURE 4 a) Functional effect of cathepsin G on interleukin (IL)-22 and IL-22 receptor signalling. BEAS-2B cells were first
exposed to either a supernatant from activated neutrophils (PMN-Sup) or 1 μM of cathepsin G (CG) or neutrophil elastase
(NE) (or were left untreated) for 30 min at 37°C before the addition or not of recombinant IL-22 (20 ng·mL−1). The
abundance of the serine-phosphorylated, active form of the transcription factor STAT3 (p-STAT3) was analysed using
Western blotting. The p-STAT3 signal was normalised to that of β-actin. b) The abundance of human β-defensin (hBD)-2
mRNA was determined by reverse transcriptase quantitative PCR (normalised to the amount of Hprt1 mRNA) and
presented as fold change over negative control. Data are presented as the mean±SEM of three independent experiments. AU:
arbitrary units.

IL-22R is fragmented during IAV-triggered acute pneumonia
Next, we investigated whether the soluble fragment of IL-22R1 could be detected in a more
pathophysiological context, such as lung infection due to IAV. We hypothesised that IL-22R1 is cleaved by
serine proteases released in situ from activated neutrophils, because large numbers of these leukocytes are
present in lung tissues infected with IAV [19]. Mice were infected with a sublethal dose of IAV and body
weight was monitored daily after infection (fig. 6a). BAL fluids were collected at days 2 and 6
post-infection to assess neutrophil counts and examine IL-22R1 by immunoblotting. Body weight was
normal at day 2, and a small number of neutrophils were recruited into lung tissues (fig. 6b). By contrast,
at day 6, mice had lost ∼20% of their initial body weight and their lungs were infiltrated by large numbers
of neutrophils (total count 3.7×105 cells in BAL fluid, p<0.001 versus control animals). Immunoblotting
revealed the presence of a 25-kDa fragment of IL-22R in the airspaces of IAV-infected mice at day 6
post-infection (fig. 6c). Of note, there was a positive relationship between neutrophil count and the
abundance of the soluble IL-22R1 fragment in BAL fluids (r=0.53, p<0.01, Spearman test).
A fragment of IL-22R is released into the lungs of AE-COPD patients
To verify the relevance of our experimental findings in human pathophysiology, we eventually searched for
the release of a 25-kDa fragment of IL-22R in sputa from COPD (n=14) or AE-COPD patients (n=11). As
expected, the number of neutrophils in sputa was higher in AE-COPD patients than in sputa from COPD
patients (fig. 7a, p<0.001). Interestingly, we detected a soluble IL-22R1 fragment of 25 kDa in sputa from
both COPD and AE-COPD patients (fig. 7b), but the abundance of this fragment was highest in fluids
from AE-COPD patients ( p<0.02).

Discussion
The persistent presence of neutrophils in the lungs of COPD patients is thought to maintain inflammation
through the release of active mediators such as proteolytic enzymes [5–7]. Paradoxically, neutrophils
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α1-antichymotrypsin (ACT) or heat-inactivated (HI) to obtain non-enzymatically active CG. c) BALB/c mice were
intranasally challenged with 40 µL of CG (0.2 µM), PBS or ACT-treated CG and bronchoalveolar lavage fluids were
collected 2 h later. CG enzymatic activity and the abundance of IL-22R protein were further determined. The results of
one representative gel (out of three) are shown. Data are presented as mean±SEM of three independents experiments. NS:
nonsignificant; AU: arbitrary units. *: p<0.05, Kruskal–Wallis test (and Dunn’s test for post hoc comparisons).
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FIGURE 6 Interleukin-22 receptor (IL-22R) is fragmented in mouse lungs during infection-driven inflammation. a) BALB/c mice were infected with a sublethal
dose of influenza A virus (IAV). Body weight was monitored daily after infection. At days 2 or 6 post-infection, bronchoalveolar lavage fluids were collected to b)
assess neutrophil counts using flow cytometry and c) to examine IL-22R1 expression by immunoblotting; results of one representative gel are shown. NS:
nonsignificant; AU: arbitrary units. Data are presented as mean±SEM (n=6 mice per group) and are representative of two independent experiments. *: p<0.05,
Kruskal–Wallis test (and Dunn’s test for post hoc comparisons).

present in the airway mucosa of COPD patients should theoretically play a key role in antimicrobial
defence. On the contrary, high numbers of neutrophils recruited to the lungs positively correlate with poor
prognosis [20]. Besides, the clinical course of COPD is punctuated by infection-driven acute exacerbations
[5, 6, 21]. Thus, an understanding of the potential adverse effects of neutrophils on lung antimicrobial
defence may provide insight for the development of new therapies to limit AE-COPD and attenuate the
disease [22]. Here, we show for the first time that neutrophil proteases cleave the IL-22 receptor expressed
in the lung mucosa and we reveal the harmful effect of this event on antimicrobial responses.
IL-22/IL-22R signalling is pivotal at barrier surfaces where epithelial cells play an active role in the
initiation, regulation and resolution of immune responses. Functional studies in mouse models indicate
40

*

b) 400

IL-22R1 fragment AU

Neutrophil ×106 cells·g-1

a)

20
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200

0

0
COPD AE-COPD

COPD AE-COPD

IL-22R1 (25 kDa)
FIGURE 7 Interleukin-22 receptor (IL-22R) is significantly cleaved in the lungs of patients with acute exacerbations (AE) of
chronic obstructive pulmonary disease (COPD). Sputa from COPD patients with (n=11) or without (n=14) acute exacerbations
were collected. a) Neutrophil counts were assessed using flow cytometry; b) IL-22R1 protein expression was examined using
immunoblotting. A pool of sputum served as calibrator for comparisons. Data are presented as mean±SEM. AU: arbitrary units.
*: p<0.05, Mann–Whitney test.
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that IL-22 has immunoregulatory properties in infection, inflammation, autoimmunity and cancer [2, 3].
Studies involving genetic or antibody-mediated disruption of the IL-22/IL-22R pathway in mice suggest
that this pathway plays an essential role in antimicrobial defence. For instance, IL-22-deficient mice
infected with Klebsiella pneumoniae in the lungs or Citrobacter rodentium in the intestine die more rapidly
than infected wild-type animals. The protective effects of IL-22 mostly involve the production of
antimicrobial peptides. Moreover, IL-22 promotes maintenance and repair of the epithelial barrier in the
intestine and respiratory tract, thus limiting pathogen dissemination [2, 3]. We and others have shown also
that IL-22 is required for lung defence and repair after infection with influenza virus [23] or after
co-infection with influenza and Streptococcus pneumoniae [4]. Hence IL-22 is critical for mucosal
immunity against viral and bacterial infections.
IL-22/IL-22R-dependent signalling involves predominantly the transcription factor STAT3. STAT3
deficiency in epithelial cells mimics that of IL-22 in a mouse model of colitis, suggesting that STAT3 is
required for IL-22 dependent signalling in vivo [24]. Consistently, IL-22R1 cleavage by CG strongly
inhibited STAT3-dependent signalling and hBD-2 expression. Given these data, and the observation that
the excessive secretion of neutrophil proteases is positively correlated with COPD severity [5, 6], we believe
that our current findings are highly relevant to the pathogenesis of AE-COPD. Accordingly, we propose a
mechanism based on previous findings and our current findings [2, 3, 5, 6] to explain how neutrophil
proteases may predispose COPD patients to life-threatening infections (fig. 8). 1) Cigarette smoke in the
lungs contributes to neutrophil infiltration and degranulation, resulting in the release of active proteases;
2) Matrix components and soluble mediators are degraded, which generates products acting as
pro-inflammatory stimuli in a feedback loop [10]; 3) CG and other neutrophil proteases degrade IL-22R
and impair the downstream STAT3-dependent antimicrobial effectors; and 4) such protease-dependent
disarming of the IL-22/IL-22R axis may facilitate the replication and spread of pathogens, especially
bacteria [4] and consequently, may be detrimental in the setting of AE-COPD.
It is noteworthy that the IL-22R1 subunit interacts with two other members of the IL-10 cytokine family
in addition to IL-22, IL-20 and IL-24 [25]. IL-20 is thought to amplify the actions of IL-22 through a

a)

Prevention of lung infection

b)

Expression of antimicrobial peptides
Tissue repair

Susceptibility to lung infection

Impaired IL-22R pathway
2
Secretion
of active
proteases

Functional IL-22R pathway

1
Neutrophil
infiltration

3
Cleavage of IL-22R and
release of a specific
fragment

Airway epithelial cells

Cleaved IL-22R

Intact IL-22R

IL-22

IL-22

Neutrophils

IL-22-producing cells
FIGURE 8 Model of alterations of the interleukin (IL)-22/IL-22 receptor (IL-22R) pathway in chronic obstructive pulmonary disease (COPD). a) In healthy
lung mucosa, IL-22 stimulates the production of antimicrobial peptides and promotes the maintenance and repair of the respiratory epithelial barrier, thus
limiting pathogen burden and dissemination. IL-22 mediates these effects via the IL-22R expressed at the surface of airway epithelial cells. b) Neutrophil
infiltration is a prominent feature of COPD lungs (1) and neutrophils from patients with COPD are primed, resulting in the release of active proteases (2).
Neutrophil-derived proteases cleave the IL-22R (3) and inhibit downstream STAT3-dependent antimicrobial signalling. This major alteration of the immune
response of the lung mucosa may predispose COPD patients to infection-triggered exacerbations.
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positive feedback loop [26, 27]. IL-24 appears to be antiproliferative in the context of wound healing and
also protects against bacterial infections [28]. Thus, it is tempting to speculate that cells bearing IL-22R
become refractory not only to IL-22 but also to IL-20 and IL-24, following IL-22R1 cleavage by CG in the
lungs of COPD patients, conferring an unanticipated immunoregulatory activity of neutrophil proteases.
Conclusions
As in all chronic lung inflammatory diseases, COPD is associated with episodes of acute exacerbations,
which are essentially the result of viral and bacterial infections. Despite the life-threatening nature of these
exacerbations, the mechanisms underlying them are still unclear. Here, we show that neutrophil-derived
proteases may contribute to AE-COPD by impairing the antimicrobial IL-22/IL-22R signalling pathway.
Accordingly, our findings support the renewed interest in neutrophil-derived proteases as key therapeutic
targets in COPD [6, 29].
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