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Abstract

The inflammatory responses in chronic airway diseases leading to emphysema are not fully 

defined. We hypothesized that lung eosinophilia contributes to airspace enlargement in a mouse 

model, and emphysema in patients with COPD.

A transgenic mouse model of chronic type 2 pulmonary inflammation (I5/hE2) was used to 

examine eosinophil-dependent mechanisms leading to airspace enlargement.

Human sputum samples were collected for translational studies examining eosinophilia and 

MMP-12 levels in patients with chronic airways disease.

Airspace enlargement was identified in I5/hE2 mice and was dependent on eosinophils. 

Examination of I5/hE2 bronchoalveolar lavage identified elevated MMP-12, a mediator of 

emphysema. We showed, in vitro, that eosinophil-derived IL-13 promoted alveolar macrophage 

MMP-12 production. Airspace enlargement in I5/hE2 mice was dependent on MMP-12 and 

eosinophil-derived IL-4/13. Consistent with this, MMP-12 was elevated in patients with sputum 

eosinophilia and CT-evidence of emphysema, and also negatively correlated with FEV1.
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A mouse model of chronic type 2 pulmonary inflammation exhibited airspace enlargement 

dependent on MMP-12 and eosinophil-derived IL-4/13. In chronic airways disease patients, lung 

eosinophilia was associated with elevated MMP-12 levels, which was a predictor of emphysema. 

These findings suggest an underappreciated mechanism by which eosinophils contribute to the 

pathologies associated with asthma and COPD.

Introduction:

Chronic obstructive pulmonary disease (COPD) is a chronic respiratory condition associated 

with cigarette smoking and characterized by irreversible airflow obstruction. It is often 

accompanied by the presence of airway inflammation and emphysema. COPD is among the 

leading causes of death worldwide and is increasing in prevalence (1). There is no cure for 

COPD but a better understanding of disease subtypes has led to improved therapeutic 

options (2-4). The lung inflammatory cell infiltrate in COPD is key to disease pathogenesis. 

Alveolar macrophages and infiltrating neutrophils mediate destructive activities on the 

architecture and function of the lung in part through the release of proteases and 

inflammatory cytokines (5). Despite the canonical classification of COPD as a neutrophilic 

disease, blood and airway eosinophilia is found in roughly a third of COPD patients (6-8). 

Clinical studies suggest an association between eosinophilia and increased risk of 

exacerbation (9, 10). Sputum eosinophil levels, in particular, correlate with increased 

exacerbations, worsening fixed airflow obstruction, and poorer quality of life scores in 

COPD patients (11). In this large cohort, significantly higher emphysema indices (as 

measured by quantitative CT) were noted in patients stratified to the sputum eosinophil-high 

group.

Eosinophils produce a wide array of mediators including toxic granule proteins (such as 

eosinophil peroxidase (EPX)), potent lipid derivatives (such as leukotrienes), and numerous 

cytokines and chemokines (12). In mouse models of chronic lung inflammation eosinophil 

mediators have been shown to contribute to pathologies observed in patients including 

bronchoconstriction, fibrosis, and mucus production (13, 14). Eosinophil-derived IL-13 is of 

particular interest as it has been shown to contribute to all of these pathologies (15, 16). 

IL-13 mediates these activities through numerous cell types including alveolar macrophages 

which play a key role in the lung remodeling associated with severe asthma and COPD.

Alveolar macrophage production of proteases including matrix metalloproteases (MMPs) 

contributes to alveolar destruction in COPD (17). MMPs are extracellular matrix degrading 

enzymes. MMP-12, in particular, has been shown to be a critical mediator of alveolar 

destruction in a mouse model of COPD (18) and evidence points to its importance in COPD 

patients (17). IL-13 signaling can polarize macrophages to an M2 phenotype, a feature found 

in chronic asthma and COPD (19), and induce MMP-12 production. Notably, IL-13 

stimulated mouse alveolar macrophages produce MMP-12 in vitro (20) and overproduction 

of IL-13 in the lungs of transgenic mice was sufficient to induce MMP-12 production and 

destruction of alveolar spaces (21).

We hypothesized that eosinophils are an important source of IL-13 in chronic lung disease 

thereby contributing to remodeling of the airways resulting in emphysema. To explore this, 
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we utilized a mouse model of chronicTh2 pulmonary inflammation and also analyzed 

sputum samples from patients with asthma or COPD. Identification of the pathways by 

which emphysema develops/progresses may present new therapeutic targets and strategies to 

prevent or stabilize this chronic respiratory disease feature.

Methods:

Mice

Studies involving mice were performed in accordance with National Institutes of Health and 

Mayo Clinic Institutional Animal Care and Use Committee guidelines. Strains of mice 

employed include C57BL/6J wild type (WT) (Jackson Laboratory, Bar Harbor, ME), eoCRE 
(22), NJ.1638 (23), I5/hE2 (14), PHIL (13), MMP-12−/− (Jackson Laboratory, B6.129X-

Mmp12tm1Sds/J), floxed IL-4/13 (Jackson Laboratory, C.129P2(Cg)-Il4/Il13tm1.1Lky/J) and 

IL-13−/− (gift from Andrew McKenzie (24)). Mice were analyzed between 2-3 months of 

age. Mice were maintained in the Mayo Clinic Arizona Small Animal Facility (a specific 

pathogen-free facility).

Cell isolation and culture

Eosinophils were isolated as described previously (25) from NJ.1638 or IL-13−/−/NJ.1638 
(23, 24) mice. IL-33 (Peprotech) was added to activate the eosinophils to 50ng/mL (IL-33 

was omitted from the resting eosinophil experimental group). Cells were incubated at 37°C, 

5%CO2 and 24 hours later were washed three times to remove added cytokines. 

Macrophages were isolated from C57BL/6J or MMP-12−/− mice as described by Lasbury et 

al (26). Cells were plated at 150,000 cells per well in 24 well culture plates (Corning, 

Corning, NY) and cultured for 48 hours with the addition of either eosinophils (750,000 

cells) or media alone in 500μl total volume. To assess contact dependency the above was 

performed in transwell plates (0.4μm pore) (Corning).

Histology

Lung samples were processed for histological analysis as previously described (27). 

Hematoxylin and eosin (H&E) stained sections were assessed for alveolar space 

characteristics as previously described (28).

ELISA and multiplex

MMP-12 was determined by mouse MMP-12 PicoKine ELISA (Boster Bio, Pleasanton, 

CA). EPX was measured as described previously (29). Other mouse and human cytokines 

were assessed by bead-based multiplexing technology (Eve Technologies, Calgary, Canada).

Bronchoalveolar lavage, lung homogenate, cytospins, cell counts, and differentials

Bronchoalveolar lavage (BAL), lung collection, and homogenate preparation were 

performed as described previously (14, 30). Cytospins, cell counts, and differentials were 

performed as described previously (31, 32).
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Assessment of clinical sputa

We used sputum supernatants (non-cellular fraction) from 43 patients with a diagnosis of 

either asthma or COPD which were previously stored based on observational protocols 

approved by the local Hospital Research Ethics Board in St. Joseph’s Hospital, Hamilton, 

Ontario. These sputum samples were induced and processed, as described previously (33). 

Samples from asthmatics were randomly selected from patients who had clinically-indicated 

sputum testing between January and November 2017. Asthma diagnosis was based on 

bronchodilator reversibility and/or PC20 value <8 mg/mL upon a methacholine challenge 

test. The sputa of patients with COPD were previously collected as part of a local 

observational study during a period of clinical stability (from November 2016 to November 

2017). Inclusion criteria included fixed airflow obstruction (FEV1/FVC<0.7) and/or 

evidence of emphysema on imaging with a ≥10 pack-year history of smoking. Those with a 

previous diagnosis of asthma or a significant improvement in post-bronchodilator spirometry 

were excluded. COPD was assessed based on Global Initiative for Chronic Obstructive Lung 

Disease (GOLD) criteria (34). Computed tomography (CT) scans of the chest were acquired 

during routine clinical work-up and as such had a variety of protocols applied. The most 

common CT scan available was of normal resolution without contrast. Emphysema grouping 

was confirmed by a three-step process: 1) Extrapolation from the clinical radiologist’s 

summary report; 2) Applying a quantitative CT metric – low attenuation area for Hounsfield 

units less than 950 %LAA −950HU (using the open source Chest Imaging Platform 

provided by 3D Slicer); and 3) Confirmation of the presence of emphysema by a blinded 

radiologist. Eosinophilic patients were defined as those with presence of sputum eosinophils 

>3%, and/or evidence of blood eosinophils >300/μL, as well as those with historical 

evidence of eosinophils which were now suppressed due to high-dose inhaled or oral 

corticosteroid treatment.

Statistical analyses

Data were analyzed with GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, CA, USA). 

Statistical comparisons of mouse model and cell culture data were performed with student’s 

t-test. Results are represented as mean ± S.E.M. Statistical comparisons between human 

subject groups were performed by Analysis of Variance (ANOVA) / Kruskal-Wallis non-

parametric tests, and associations were determined by Spearman’s rank/ Pearson correlation 

test based on the distribution of the respective data sets (D'Agostino & Pearson omnibus 

normality tests). IBM® SPSS® Statistical software (version 23.0) was used for multivariate 

regression analysis. P values ≤ 0.05 were considered to be significant.

Results:

I5/hE2 mice exhibit eosinophil-dependent airspace enlargement

To explore the role of eosinophils in the chronically inflamed lung we employed the I5/hE2 
mouse model of chronic Th2 pulmonary inflammation. The I5/hE2 mouse has been shown 

to develop marked airway remodeling dependent on lung eosinophilia (14, 27). Examination 

of I5/hE2 vs. wild type H&E stained lung sections revealed airspace enlargement in the lung 

parenchyma of the I5/hE2 mice (Figure 1A). We crossed the I5/hE2 mouse with the 

eosinophil-deficient PHIL mouse (13) to examine eosinophil-dependent changes in lung 
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structure. The cross of I5/hE2 with PHIL revealed that these lesions were entirely 

eosinophil dependent. Quantification of the mean intercept length between alveolar septa 

showed a greater than two-fold increase (~30um vs. 70um) in size in I5/hE2 mice as 

compared to I5/hE2/PHIL mice (Figure 1B).

Our previous investigations into eosinophil dependent changes in gene expression in the 

I5/hE2 lung focused attention on MMP-12 as a candidate for mediating the airspace 

enlargement observed in I5/hE2. MMP-12 has been shown to cause the emphysema-

associated breakdown of alveolar septa in a COPD model (18) and we found MMP-12 was 

the most upregulated eosinophil-dependent gene in the I5/hE2 lung (27). Consistent with 

this observation, MMP-12 protein levels in the BAL fluid were elevated in I5/hE2 mice and 

nearly undetectable in I5/hE2/PHIL mice (Figure 1C). Together these results suggest that 

eosinophils promote MMP-12 production and airspace enlargement.

MMP-12 is a mediator of alveolar destruction in I5/hE2 mice

To explore the significance of MMP-12 to the airspace enlargement observed in I5/hE2 we 

compared I5/hE2 mice with their MMP-12 deficient counterpart I5/hE2/MMP-12−/−. 

Histological examination of the lungs revealed reduced lesions in the absence of MMP-12 

(Figure 2A). Quantification of the mean intercept length between alveolar septa showed a 

significant reduction in I5/hE2/MMP-12−/− mice (Figure 2B). However, I5/hE2/
MMP-12−/− mice had an increased mean intercept length relative to wild type mice 

suggesting other eosinophil-dependent mediators are contributing to these lesions. For 

example, other matrix metalloproteinases (MMP-2 and 9) have been linked with emphysema 

(35, 36) and we found these were also elevated in I5/hE2 lungs (Supplementary Figure 1). 

BAL cellularity (I5/hE2 (46.85 ± 6.45 x105) and I5/hE2/MMP-12−/− (35.23 ± 4.25 x105)) 

and eosinophil numbers (I5/hE2 (43.79 ± 5.53 x105) and I5/hE2/MMP-12−/− (34.6 ± 4.85 

x105)) were not affected by the loss of MMP-12 in this model.

Eosinophil-derived IL-13 promotes alveolar macrophage MMP-12 production in vitro

To investigate the relationship between eosinophils and MMP-12 production we performed 

in vitro experiments with eosinophils and known airway MMP-12 producing cells, alveolar 

macrophages (37, 38). In vitro experiments revealed that MMP-12 was not detectable in 

eosinophil culture supernatants whereas MMP-12 could be detected in alveolar macrophage 

culture supernatants. Eosinophil and macrophage co-culture resulted in significantly 

increased levels of MMP-12 compared to macrophage culture alone (Figure 3A). Co-culture 

of wild type eosinophils with MMP-12−/− alveolar macrophages showed that the MMP-12 in 

these culture experiments is derived from macrophages (Figure 3A).

To explore the mechanism of eosinophil mediated macrophage MMP-12 production we first 

assessed the role of eosinophil activation with IL-33, a cytokine associated with chronic lung 

disease and elevated in the I5/hE2 mouse lung (27, 39). Eosinophil activation by IL-33 has 

been demonstrated to increase release of soluble mediators that may influence the 

production of MMP-12 from macrophages (40, 41). Activation of the eosinophils with IL-33 

prior to co-culture with alveolar macrophages enhanced macrophage MMP-12 production 

relative to co-culture with non-activated eosinophils (Figure 3B). We next examined contact 
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dependency by transwell co-culture of eosinophils with alveolar macrophages. We showed 

that the increased MMP-12 from macrophages is not contact-dependent (Figure 3C) 

suggesting that macrophages produce MMP-12 in response to an eosinophil-secreted 

mediator.

Previous studies have demonstrated IL-13 promotes MMP-12 production by macrophages 

(20, 36) and IL-33 is known to induce IL-13 from eosinophils (15, 42). We assessed the role 

of eosinophil-derived IL-13 by co-cultures of wild type alveolar macrophages (WT macs) 

with eosinophils sufficient or deficient for IL-13 (WT vs. IL-13−/− eos). We found that 

eosinophil-derived IL-13 promoted alveolar macrophage MMP-12 production (Figure 3D).

I5/hE2 mice exhibit airspace enlargement dependent on eosinophil-derived IL-13 and 
MMP-12

To examine if the lung eosinophilia in our mouse model of chronic Th2 pulmonary 

inflammation induces alveolar destruction via IL-13-mediated MMP-12 production we 

generated conditional knockout mice (43) by crossing the eosinophil-specific Cre 

recombinase mouse, eoCRE, with the available floxed IL-4/13 mouse (44) resulting in 

eosinophil-specific loss of IL-13 expression (as well as IL-4) (Supplementary Figure 2). We 

then crossed these mice with I5/hE2 to create I5/hE2/eoCRE/4/13fl/fl which was compared 

with I5/hE2/eoCRE as a control. Histological examination of the lungs again showed 

airspace enlargement in I5/hE2/eoCRE which was dependent upon eosinophil-derived 

IL-4/13 (Figure 4A). Notably, alveolar spaces in I5/hE2/eoCRE/4/13fl/fl were equivalent to 

those of wild type mice suggesting that the enlarged alveolar spaces in I5/hE2 mice were 

entirely dependent on eosinophil-derived IL-4/13 (Figure 4B). BAL cellularity (I5/hE2/
eoCRE 39.1 ± 8.74 x105) and I5/hE2/eoCRE/4/13fl/fl (22.98 ± 4.31 x105)) and eosinophil 

cellularity (I5/hE2/eoCRE 26.1 ± 4.04 x105) and I5/hE2/eoCRE/4/13fl/fl (41.53 ± 8.28 

x105)) were not affected by the loss of eosinophil-derived IL-4/13 in this model. 

Significantly, BAL MMP-12 levels were entirely dependent on eosinophil-derived IL-4/13 

(Figure 4C). Combined, our data suggest eosinophil-derived IL-13 is a key mediator of 

alveolar macrophage MMP-12 production and alveolar destruction in this chronic 

pulmonary inflammation model.

Elevated MMP-12 is associated with eosinophilia, emphysema, and decreased lung 
function in human subjects

Next, we investigated the relationship between MMP-12, eosinophilia, emphysema, and lung 

function in humans. Out of the 44 patient sputa randomly selected, 5 were rejected (3 

rejected for co-morbidities/other inflammatory abnormalities, 1 for not meeting criteria for 

asthma or COPD, and 1 for age < 18 years). Of the remaining subjects 16 had asthma, 23 

had COPD, and their clinical characteristics are represented in Tables 1 and 2. Sputum EPX 

levels were higher in the eosinophilic group (p=0.002, Figure 5A) and correlated 

significantly with sputum IL-13 levels (r=0.536, P=0.0004, Spearman rank). Irrespective of 

diagnosis, the MMP-12 levels detected in the sputa were higher in the eosinophilic group 

(Figure 5B, P=0.01) and modestly correlated with sputum IL-13 levels (r=0.35, P=0.03, 

Figure 5C). The significant correlation of MMP-12 with airway IL-13 levels and not EPX 

(r=0.05, P=0.7) suggested the possibility that MMP-12 was not directly associated with 
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eosinophilia per se, but instead associated with eosinophil-derived, and potentially other 

sources of, IL-13 inflammation.

In the sub-group analysis, differential expression of MMP-12 in the asthma subset with 

respect to eosinophilia was unremarkable (P>0.99, Figure 5D); however, increased detection 

of MMP-12 was evident in the eosinophilic COPD airways (P=0.05, Figure 5D). In fact, 

MMP-12 levels in COPD patients were higher in those with concomitant eosinophilia and 

emphysema compared to those who did not exhibit either (P= 0.02, Figure 5E). Comparing 

%LAA −950HU by eosinophilic status revealed a higher value in those with eosinophilia 

(Median: 1.4% versus 0.08%, P=0.04 by Mann Whitney test). Emphysema grouping was 

confirmed by the three steps described in the Methods section. The accuracy of grouping (by 

clinical radiologist report) was supported by a significantly higher %LAA −950HU in the 

emphysema group (Median: 1.97% versus 0.18%, P=0.0073 by Mann Whitney test), and 

confirmation of emphysema by a blinded radiologist for each subject. Of interest, the patient 

in the eosinophilic asthma group who had the highest level of MMP-12 (marked as open 

grey circle in Figure 5D) had CT-evidence of air space enlargement. If this data-point is 

removed, MMP-12 levels are significantly higher in the eosinophilic COPD patient sputa 

compared to eosinophilic asthmatics (P=0.01, Mann Whitney), which was otherwise 

comparable (P=0.43, Figure 5D). In a multivariate regression model, MMP-12 was 

computed to be a predictor (beta coefficient = 0.361, R squared value = 0.13, Standard error 

of estimate: 0.47, P=0.02) for the presence of emphysema (CT evidence) and not 

eosinophilia, EPX, or IL-13 (Supplementary Table 1). Finally, MMP-12 levels were 

negatively associated with FEV1% predicted in patients with COPD (r= −0.56, P= 0.006, 

Figure 5F), and this association remained significant with the inclusion of asthmatic 

participants (r= −0.45, P=0.005).

Discussion:

Though type 2 inflammation is more frequently associated with asthma than COPD, it can 

be present or absent in either condition. In this study, we used a mouse model of chronic 

type 2 pulmonary inflammation (I5/hE2) to explore the link between eosinophils and 

alveolar destruction, without any connotation regarding the physiologic features required for 

a diagnosis of asthma or COPD or involvement of smoking-induced pathways. These mice 

develop eosinophil-dependent lung pathologies that are absent when crossed with 

eosinophil-deficient mice (I5/hE2/PHIL) but may be restored with eosinophil-sufficient 

bone marrow engraftment (14). We found that I5/hE2 mice develop eosinophil-dependent 

airspace enlargement. Significantly, MMP-12, a protease known to be a critical mediator of 

alveolar destruction, was elevated in I5/hE2 lungs and this was entirely dependent upon the 

presence of eosinophils. We demonstrated ex vivo that eosinophil-derived IL-13 stimulated 

alveolar macrophages to produce MMP-12. To confirm these pathways in vivo we crossed 

I5/hE2 with various genetically engineered mice and showed that eosinophils promote 

airspace enlargement dependent on IL-13 (and possibly IL-4 as we utilized the available 

floxed IL-4/13 mouse) and MMP-12. Consistent with these observations, it has been shown 

previously that MMP-12 is induced by IL-13 in the lung (20, 36) and eosinophils are a 

known source of IL-13 (15, 42). Further, overexpression of IL-13 in the mouse lung resulted 

in increased MMP-12 levels and airspace enlargement (36). Together, these data reveal a 
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clear path by which eosinophils may contribute to the destruction of airspaces in chronic 

respiratory diseases.

Eosinophil-derived IL-13 has been demonstrated to promote M2 macrophage differentiation 

as well as accumulation in a mouse model of allergic pulmonary inflammation (15). M2 

alveolar macrophages have been identified as MMP-12 producing cells (reviewed in (38)). 

Notably, we found that other proteases associated with alveolar destruction, MMP-2 and 

MMP-9, are also elevated in the lungs of I5/hE2 mice dependent on eosinophil-derived 

IL-4/13. Eosinophils have been shown to express MMP-9 in asthmatic airways (45) and it is 

likely that eosinophils are indirectly linked, through interactions with other cell types such as 

macrophages, to the production of numerous remodeling agents including MMP-2 and 9. 

Indeed, we showed that removal of MMP-12 only partially reduced the alveolar destruction 

in I5/hE2 lungs and observed that in older MMP-12 deficient I5/hE2 mice the extent of 

alveolar destruction approached that of I5/hE2 (data not shown) suggesting a role for other 

mediators. Key contributors likely include other matrix metalloproteases and cathepsins 

previously observed to contribute to these changes in a transgenic mouse with 

overexpression of IL-13 in the lung (21). Future studies are needed to determine other key 

eosinophil-associated mediator(s) of alveolar destruction in the I5/hE2 lung. Together, these 

interactions highlight the role of eosinophils as regulators of local immune responses and 

remodeling events (46).

The I5/hE2 model enabled us to isolate the contribution of eosinophils to airspace 

enlargement. It is likely that other cell types can participate in the pathways explored in this 

work. In particular, ILC2s and Th2 T cells produce IL-13 in the lung (reviewed in (47, 48); 

moreover, the airway epithelium and smooth muscle have been identified as producers of 

MMP-12 (49, 50). Nevertheless, our finding that eosinophils can mediate these activities is 

intriguing. While IL-13 is a secreted factor, it is possible that eosinophils are a particularly 

potent source for these interactions. Clearly, the interactions between eosinophils and 

alveolar macrophages deserve further investigation as it may be possible that a spacial, 

temporal, and/ or multi-factor association (e.g. IL-13 in combination with other signals) is 

important for these activities.

A pathogenic role of eosinophils in COPD has long been considered. Despite their potential 

importance in the pathophysiology of COPD, efforts to target eosinophils in clinical trials of 

COPD have met with limited success. A very modest clinical benefit has been noted in 

patients with blood eosinophilia post treatment with subcutaneous Mepolizumab (an anti-

IL-5 antibody that results in eosinophil depletion) (METREX) (51). In the parallel study 

evaluating two doses of Mepolizumab as an add-on treatment for frequently exacerbating 

COPD patients characterized by eosinophil level (METREO), the annual rate of 

exacerbations compared to the placebo arm was deemed insignificant. These findings 

corroborated those reported in a smaller study where the drug reduced both sputum and 

blood eosinophils, and yet failed to show any significant improvement in the rate of 

exacerbations, lung function, or radiologic evidence of disease severity (52). Similarly, 

targeting eosinophils in COPD using Benralizumab (an anti-IL5Rα antibody that results in 

eosinophil depletion) showed no clinical improvement in the rate of exacerbations compared 

to placebo. However, a modest improvement in FEV1 was reported in the drug arm, 
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indicating eosinophils, or by extension, eosinophilic factors might be affecting lung function 

(53).

The limited improvement in clinical trials examining anti-eosinophil agents in COPD may 

be due to irreversible airspace enlargement. Our experiments suggest a role of eosinophils in 

the initiation/development of airspace enlargement, albeit indirectly through stimulation of 

MMP-12 (and possibly other protease) production by alveolar macrophages. Indeed, in 

COPD patients with evidence of eosinophilia there was a detectable increase in MMP-12, 

which was computed to be a predictor for the presence of CT-evidence of emphysema. 

These findings suggest strategies targeting eosinophils in eosinophilic COPD may be 

beneficial but that long-term studies with lung function as the primary outcome may be 

needed to appreciate this benefit. Alternative strategies to IL-5 blockade that target 

eosinophils and other cells (e.g. ILC2 cells) could potentially reduce exacerbations and 

should be considered for future studies. One such strategy suggested by previous 

observations and the findings from this study is a combination of IL-33 and IL-13 blockade.

The concept of eosinophil-driven emphysema has been studied previously within COPD 

cohorts, which identified associations between blood eosinophils and markers of connective 

tissue destruction (54), and between sputum eosinophils and emphysema indices on 

quantitative CT (11). Furthermore, a network analysis incorporating measures of the blood, 

bone marrow, as well as clinical variables, demonstrated that the capacity for immune-

mediated repair was impaired in the presence of elevated blood eosinophils and/or 

emphysema (55). The current study provides mechanistic, mouse-model evidence and 

corroborating data from a “real life” COPD cohort which lends support to the previous 

findings.

In summary, our findings reveal a role for eosinophil-derived IL-13 in alveolar destruction 

through induction of MMP-12. Asthma and COPD are diagnosed based on physiologic 

criteria, with the former demonstrating reversible airflow obstruction or airway hyper-

responsiveness, and the latter demonstrating fixed airflow obstruction. We translated our 

findings to patients with eosinophilic COPD, suggesting a contribution of eosinophil-

mediated induction of MMP-12 in the development of emphysema. Sputa was tested in 

patients with asthma or COPD, given that eosinophilic inflammation can be a shared 

component between these diseases, but emphysema is not classically associated with 

asthma. It is interesting to speculate that our findings may extend to other chronic 

inflammatory respiratory diseases. Notably, asthma disease progression and severity is 

associated with eosinophilia and may develop into/overlap with COPD. Indeed, the 

asthmatic patient with highest MMP-12 detection (levels comparable to the COPD subset) 

had persistent eosinophilia as well as CT-evidence of emphysema. A recent report from Gelb 

et. al. builds on evidence of asthma subjects with type 2 phenotype developing mild 

emphysema and loss of lung elasticity (56). In addition, a case report of a non-smoking 

eosinophilic bronchitis patient developing emphysema highlights this possibility (57). 

Together, these findings suggest that a focus on therapeutic management of lung 

eosinophilia, IL-13, and proteases including MMP-12 may be effective strategies for slowing 

the progression of emphysema in certain patient populations.
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Figure 1. Eosinophil-dependent alveolar destruction and modulation of MMP-12.
(A) H&E stained lung sections demonstrate increased alveolar spaces in I5/hE2 lungs 

relative to wild type and, their eosinophil deficient counterparts, I5/hE2/PHIL. Lung 

parenchyma 200x. (B) Quantification of average alveolar space revealed a two-fold increase 

in mean intercept length in I5/hE2 lungs (panel B, n=5 mice). (C) BAL fluid was collected 

and assessed by ELISA for MMP-12, a lung remodeling mediator with dramatically 

increased expression in I5/hE2 lungs (panel C, n=6 mice). Scale bar = 50μm. *:p<0.05. 

****:p<0.0001. ns: not significant.
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Figure 2. MMP-12 mediates alveolar destruction in I5/hE2 model.
(A) H&E stained lung sections demonstrate enlarged airspaces in I5/hE2 mice relative to 

wild type and MMP-12−/− mice. (B) H&E stained lung sections assessed for mean intercept 

length (Lm) demonstrate increased alveolar spaces in I5/hE2 mice relative to their MMP-12 

deficient counterparts I5/hE2/MMP-12−/−. Lung parenchyma 200x. (C). n≥3 mice. Scale 

bar = 50μm. **: p<0.01, ***:p<0.001, ****:p<0.0001.
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Figure 3. Eosinophils directly modulate alveolar macrophage production of MMP-12 through 
IL-13 dependent mechanisms.
ELISA measurement of MMP-12 in cell culture supernatant from in vitro 48h cultures of 

eosinophils (Eos) and/or alveolar macrophages (Macs). (A) Eosinophils cultured alone, 

macrophages cultured alone, and co-culture (Eos+Mac). Wild type eosinophils were 

activated (IL-33 for 24 hours then washed) and cultured with WT macrophages or 

MMP-12−/− macrophages showing the MMP-12 is from macrophages. (B) Assessment of 

co-culture supernatants from resting eosinophils (Eos) vs. activated eosinophils (Eos(A)) 

with macrophages (Macs) demonstrated that pre-activation of eosinophils (IL-33 for 24 

hours then washed) enhances macrophage MMP-12 production. (C) Transwell co-culture of 

activated eosinophils with macrophages shows that contact is not required for the enhanced 

macrophage MMP-12 production. (D) ELISA measurements from co-culture supernatants of 

IL-13−/− vs. Wild Type (WT) eosinophils with WT macrophages demonstrates that 

eosinophil-derived IL-13 is promoting macrophage MMP-12 production. ***:p<0.001, 

****:p<0.0001, ns: not significant.
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Figure 4. Eosinophil-derived IL-4/13 induces MMP-12 production and alveolar destruction in 
I5/hE2 mice.
(A) A genetic cross of I5/hE2 with the eosinophil-specific Cre mouse, eoCRE, x the 

available floxed IL-4/13 mouse (I5/hE2/eoCRE/4/13fl/fl) revealed that enlarged alveolar 

spaces in I5/hE2 mice are dependent on eosinophil-derived IL-4/13. (B) H&E stained lung 

sections demonstrate enlarged airspaces in I5/hE2 mice relative to eosinophil-derived 

IL-4/13 deficient mice. (C) ELISA measurement of MMP-12 in BAL showed MMP-12 in 

I5/hE2 mice is dependent on eosinophil-derived IL-4/13. Lung parenchyma 200x. n≥3 mice. 

Scale bar = 50μm. *:p<0.05, **: p<0.01, ***:p<0.001, ****:p<0.0001.
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Figure 5. MMP-12 expression in eosinophilic emphysematous airways.
(A) EPX (B) MMP-12 expression in airways of n=40 patients with chronic airways disease 

(diagnosis of either asthma or COPD) classified based on eosinophilia. Mann Whitney Test . 

(C) Correlation of sputum MMP-12 with IL-13 (n=40). Spearman rank. (D) MMP-12 

expression in airways of both asthma (n=16) and COPD (n=24), classified based on 

eosinophilia and (E) COPD samples only, classified with respect to eosinophilia and 

emphysema. Kruskal Wallis with Dunn’s multiple correction. (F) Correlation of sputum 

MMP-12 with FEV1 % predicted in n=24 COPD patients. Spearman rank. Each symbol 

represents individual patient data, and median is indicated for each subset. Figure 5D, grey 

open circle indicates asthmatic patient with evidence of airspace enlargement. P≤0.05 

considered as significant.
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Table 1:

Demographic table of recruited patients: Asthma and COPD

Asthma COPD

N 16 23

Age (mean, SD) 62 (10) 64 (11)

Sex (F, n, % of n) 9 (56) 10 (43)

FEV1 %Pred (mean, SD) 65 (17)* 49 (17)*

FEV1/FVC (mean, SD) 0.62 (0.13)* 0.49 (0.13)*

DLCO %Pred (mean, SD) 99 (33)*† 61 (18) *††

Current Smoking (n, % of n) 1 (6)* 12 (52)*

Previous Smoking (n, % of n) 0 (0) 7 (30)

Smoking History in pack-years (mean, SD) N/A 46 (24)

Emphysema (n, % of n) 1 (6)* 15 (65)*

Centrilobular (n) 1 7

Paraseptal (n) 0 1

Both (n) 0 7

Eosinophilia (n, % of n) 11 (69) 11 (48)

Sputum eosinophil% (mean, SD) 7.0 (9.1) 5.9 (15)

Sputum EPX (ng/mL-g; mean, SD) 375 (587)* 91.4 (144)*

ICS dose (median, max-min) 750 (2000, 0) 750 (3500, 0)

ICS use (n, % of n) 15 (94) 20 (87)

OCS use (n, % of n) 5 (31) 2 (9)

LABA use (n, % of n) 15 (94) 18 (83)

LAMA use (n, % of n) 0 (0)* 12 (52)*

*
denotes statistically significant difference between groups

†
based on n=3

††
based on n=9

SD – standard deviation; FEV1 – forced expiratory volume in 1 second; FVC – forced vital capacity; EPX – eosinophil peroxidase; ICS – inhaled 
corticosteroid dose, daily mcg equivalent for fluticasone; OCS – on maintenance oral corticosteroid; LABA – long acting beta-agonists; LAMA : 
long acting muscarinic antagonists. All COPD patients are current smokers or ex-smokers with >10 pack year history.
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Table 2:

Demographic table of recruited patients: Eosinophilic and Non-eosinophilic

Eosinophilic Non-Eosinophilic

n 22 17

Asthma (n, % of n) 11 (50) 5 (29)

Age (mean, SD) 63 (7.5) 64 (14)

Sex (F, n, % of n) 10 (46) 9 (53)

FEV1 %Pred (mean, SD) 52 (18) 60 (19)

FEV1/FVC (mean, SD) 0.53 (0.15) 0.56 (0.14)

DLCO %Pred (mean, SD) 71 (32)† N/A

Current Smoking (n, % of n) 5 (23) 9 (53)

Previous Smoking (n, % of n) 5 (23) 2 (12)

Smoking History in pack-years (mean, SD) 25 (32) 42 (24)

Emphysema (n, % of n) 8 (36) 8 (47)

Centrilobular (n) 5 3

Paraseptal (n) 1 0

Both (n) 2 5

Sputum eosinophil% (mean, SD) 11 (15)* 0.25 (0.40)*

Sputum EPX (ng/mL-g; mean, SD) 293 (506)* 81 (118)*

ICS dose (median, max-min) 750 (2000, 0) 500 (3500, 0)

ICS use (n, % of n) 19 (86) 16 (94)

OCS use (n, % of n) 5 (23) 2 (12)

LABA use (n, % of n) 20 (91) 14 (82)

LAMA use (n, % of n) 7 (32) 5 (29)

*
denotes statistically significant difference between groups

†
based on n=7
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