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ABSTRACT
Chronic obstructive pulmonary disease (COPD) patients undergo infectious exacerbations whose 
frequency identifies a clinically meaningful phenotype. Mouse models have been mostly used to 
separately study both COPD and the infectious processes, but a reliable model of the COPD 
frequent exacerbator phenotype is still lacking. Accordingly, we first established a model of single 
bacterial exacerbation by nontypeable Haemophilus influenzae (NTHi) infection on mice with 
emphysema-like lesions. We characterized this single exacerbation model combining both non-
invasive in vivo imaging and ex vivo techniques, obtaining longitudinal information about bacter-
ial load and the extent of the developing lesions and host responses. Bacterial load disappeared 
48 hours post-infection (hpi). However, lung recovery, measured using tests of pulmonary func-
tion and the disappearance of lung inflammation as revealed by micro-computed X-ray tomo-
graphy, was delayed until 3 weeks post-infection (wpi). Then, to emulate the frequent exacerbator 
phenotype, we performed two recurrent episodes of NTHi infection on the emphysematous 
murine lung. Consistent with the amplified infectious insult, bacterial load reduction was now 
observed 96 hpi, and lung function recovery and disappearance of lesions on anatomical lung 
images did not happen until 12 wpi. Finally, as a proof of principle of the use of the model, we 
showed that azithromycin successfully cleared the recurrent infection, confirming this macrolide 
utility to ameliorate infectious exacerbation. In conclusion, we present a mouse model of recur-
rent bacterial infection of the emphysematous lung, aimed to facilitate investigating the COPD 
frequent exacerbator phenotype by providing complementary, dynamic information of both 
infectious and inflammatory processes.
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Introduction

Chronic obstructive pulmonary disease (COPD) is 
a clinical syndrome characterized by chronic respira-
tory symptoms, structural pulmonary abnormalities 
(airway disease, emphysema, or both), lung function 
impairment (poorly reversible airflow limitation), or 
any combination of these [1]. COPD patients undergo 
episodes of acute deterioration in respiratory health 
termed exacerbations, described as the acute worsening 
of respiratory symptoms associated with a variable 
degree of physiological deterioration. Exacerbations 
are associated with increased systemic and airway 

inflammation, worsening of lung function (according 
to post-bronchodilator FEV1), greater impairment in 
health status (quality of life), and increased white-cell 
count [2,3]. Most exacerbations have an infectious ori-
gin and are triggered by respiratory bacterial and viral 
infections. Approximately one half of these infectious 
exacerbations are triggered by bacteria, whereas the 
other half is triggered by viral infections [4]. In parti-
cular, bacterial exacerbations are characterized by 
increased dyspnea and sputum production, and by 
changes in the sputum color [5]. Haemophilus influen-
zae, in its nontypeable (NTHi) form, is one of the most 
common bacterial species isolated from respiratory 
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samples in COPD exacerbations [6–11]. One clinically 
meaningful COPD phenotype is termed frequent 
exacerbator, characterized by the occurrence of two or 
more exacerbations per year [1,2,12]. Frequent exacer-
bations lead to increased risk of depressive symptoms, 
decline in lung function, poorer quality of life, 
decreased physical activity, increased health-care utili-
zation, and up to a threefold increase in mortality [12].

Animal models allow investigating the pathobiology 
of a disease, to anticipate the value of biological mar-
kers, and can be used as platforms for in-depth analysis 
of possible therapeutic intervention of pathways 
involved in the disease. As long-term exposure to cigar-
ette smoke is a main risk for COPD, cigarette smoke 
murine models have been used on their own or com-
bined with inactivated NTHi bacteria, to study the 
disease [13–15]. However, the complexity of these 
models, and the difficulty to faithfully reproduce the 
heterogeneity of COPD, has shifted the focus of animal 
models toward one of its hallmarks, parenchymal lung 
tissue destruction by neutrophil-produced elastase, 
resulting in pulmonary fibrin deposition and decreased 
lung volume. Indeed, mice treated with elastase exhibit 
lung damage consistent with several COPD features, 
including parenchymal collapse, enlargement of air-
spaces, and fibrotic deposits within the lung alveolar 
spaces [16]. The clinical relevance of infectious COPD 
exacerbations has also promoted the use of animal 
models of bacterial (NTHi, Streptococcus pneumoniae, 
Staphylococcus aureus) or viral (flu virus) infection- 
induced exacerbations, showing that infections increase 
inflammation, remodeling, and emphysema, and that 
COPD increases susceptibility to respiratory infection 
[17]. Regarding NTHi, pulmonary infection in cigarette 
smoke-exposed or emphysematous mice, and in 
emphysematous hamsters [16,18–22] has been 
reported. However, despite its relevance, animal models 
resembling features of the COPD frequent exacerbator 
phenotype are currently lacking. Here, we report the 
development and longitudinal, multimodal characteri-
zation of a disease model based on recurrent NTHi 
pulmonary infection of a murine emphysematous 
lung, which could be of use to obtain novel insights 
on the COPD frequent exacerbator phenotype and its 
response to therapies.

Microbial load quantification by colony-forming 
units (CFU) count after tissue homogenization and 
serial dilution plating, and microscopic observation of 
infected tissue sections, are the gold standard techni-
ques used to evaluate infections in small animal models 
[23]. Based on our prior experience quantifying lung 
damage in an elastase-induced mouse model of emphy-
sema [24–27], here we put forward the notion that 

modeling bacterial exacerbations will also benefit from 
the use of noninvasive in vivo techniques to study the 
dynamic process of infection, thus obtaining longitudi-
nal, correlative information about the extent of both 
lung damage and microbial load. This involves 
a multimodal approach that combines pulmonary func-
tion tests (PFT) to quantify alterations of the pulmon-
ary physiology, with noninvasive micro-computed 
X-ray tomography (micro-CT), for the longitudinal 
visualization and quantification of imaging-derived 
biomarkers such as the lung tissue volume, low- 
density areas typical of emphysema, or ground-glass 
opacity regions associated to inflammation [23,28]. In 
summary, we present a multimodal, longitudinal char-
acterization of the bacterial dynamics and host 
responses to emphysema lung infection by NTHi 
when occurring in an acute or repeated manner, and 
show its utility for antimicrobial efficacy testing.

Methods and materials

Animal handling

The assays performed are described next and the 
Methods used in each assay are detailed in the 
Supplementary Material.

A. NTHi infection conditions (pilot assay). Eighty- 
four CD1 female mice were randomly divided into four 
groups: (i) intranasally infected with stationary grown 
NTHi RdKW20; (ii) intranasally infected with station-
ary grown NTHi Xen21; (iii) intranasally infected with 
exponentially grown Xen21; (iv) oropharyngeally 
infected with exponentially grown Xen21. Mice in 
each group (n = 7) were sampled 12, 24, and 
30 hours post-infection (hpi) and underwent lung pro-
cessing for CFU counts.

B. NTHi infection in an emphysematous back-
ground to model COPD bacterial exacerbation. Two 
assays were performed. In the first one, aimed at deter-
mining the baseline effect of the emphysematous back-
ground in the bacterial load, 94 CD1 female mice were 
divided into four groups: (i) mice instilled with 
a vehicle solution (V+/I-); (ii) mice instilled with 
a vehicle solution, NTHi infected (V+/I+); (iii) mice 
with lung emphysema (E+/I-); (iv) mice with lung 
emphysema, NTHi infected (E+/I+). Mice in each 
group (V+/I- and E+/I-, n = 5; V+/I+ and E+/I+, 
n = 5) were sampled 6, 12, 24, 30, and 48 hpi, and 
1 week post-infection (wpi). In detail, V+/I+ and E+/I 
+ groups were sampled 6, 12, 24, 30, and 48 hpi and 
underwent lung processing for CFU counts; mice from 
all groups were sampled for gene expression and histo-
pathology analyses 24 and 48 hpi, and 1 wpi. In 
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the second assay, aimed at complementing the ex vivo 
made measurements with in vivo longitudinal evalua-
tion of pulmonary function and radiological status, 50 
CD1 female mice were divided into five groups: (i) 
healthy control mice (CON); (ii) mice instilled with 
a vehicle solution (V+/I-); (iii) mice with lung emphy-
sema (E+/I-), and NTHi infected groups as those in the 
first assay, (iv) V+/I+ and (v) E+/I+. Mice in each 
group (n = 10) were sampled as follows: (i) 24 and 
48 hpi, 1, 2, and 3 wpi, all animals underwent PFT, and 
at least 3 mice per group underwent micro-CT imaging; 
(ii) 1, 3, 6, 9, 12, and 24 hpi, bioluminescence was 
measured.

C. NTHi recurrent infection in an emphysematous 
background to model COPD frequent exacerbation. 
Three separate assays were performed. In all three assays, 
the infected groups were infected twice (I2+). The first 
infection was performed 17 days (d) after vehicle solution 
or elastase administration; re-infection was performed 
24 d after vehicle solution or elastase administration. In 
the first assay, aimed at determining the baseline effect of 
the emphysematous background in bacterial load after 
recurrent infection, 56 CD1 female mice were randomly 
divided into two groups: (i) V+/I2+; (ii) E+/I2+. In 
the second assay, aimed at completing the measurements 
of bacterial load in the frequent exacerbation phenotype 
with in vivo evaluation of pulmonary function and the 
radiological status, 28 CD1 female mice were randomly 
divided into four groups: (i) V+/I2-; (ii) E+/I2-; (iii) V 
+/I2+; (iv) E+/I2+. In the third assay, aimed at determin-
ing the clearing effect of azithromycin dehydrate (AZM) 
treatment in mice after recurrent infection, 84 CD1 
female mice were randomly divided into four groups: 
(i) mice instilled with a vehicle solution, NTHi infected, 
and treated with water, vehicle solution where the macro-
lide dissolves (V+/I2+); (ii) mice instilled with a vehicle 
solution, NTHi infected, and treated with AZM (V+/I2 
+/AZM); (iii) mice with lung emphysema, NTHi 
infected, and water treated (E+/I2+); (iv) mice with 
lung emphysema, NTHi infected, and AZM treated (E 
+/I2+/AZM). In this first assay, mice in each group 
(n = 7) were sampled 24, 48, 72, and 96 h post re- 
infection, underwent lung processing for CFU counts, 
and samples were also collected for histopathology ana-
lyses. In the second assay, mice in each group (n = 7) 
underwent PFTs 24 and 48 h, and 1, 2, 3, 6, 9, and 
12 weeks post re-infection, and at least two animals per 
group underwent micro-CT thoracic imaging. In the 
third assay, mice in each group (n = 7) were sampled 
24, 30, and 36 h post re-infection and underwent lung 
processing for CFU counts.

Results

Multimodal dynamic analysis of a model of COPD 
exacerbation by bacterial infection in a murine 
emphysematous lung

The protocol used for the generation and longitudinal 
analysis of a mouse model of infectious exacerbation (E 
+/I+) is presented in Figure 1a that shows all the assays 
performed and sampling time points. We next describe 
the E+/I+ model and its controls, i.e. the emphysema only 
(E+/I-) and respiratory infection only (V+/I+) models.

Emphysema model (E+/I-)
To elicit pulmonary damage consistent with emphy-

sema, mice were treated with pancreatic porcine elas-
tase (PPE) delivered via nonsurgical oropharyngeal 
instillation. As previously reported [18,24], emphy-
sema-like patho-physiological features were confirmed 
17 d after elastase instillation, while vehicle-treated 
mice (V+/I-) displayed pulmonary function parameters 
similar to those of control mice with normal lung 
function (CON). Specifically, elastase-treated mice (E 
+/I-) showed significant decrease in resistance (R) and 
elastance (E), and increased compliance (C) at all time 
points tested (Figure S1A-C). Similarly, the complex, 
broadband-forced oscillation model revealed signifi-
cantly lower airways (Rn) as well as parenchymal resis-
tance (G), reduced tissue elasticity (H), and 
a significant increase in tissue resistance to airflow 
deformation (inertance, I) compared to vehicle-treated 
(V+/I-) and control (CON) mice, at all times tested 
(Figure S1D-G). These values confirm an abnormal 
distension of alveolar lung parenchyma and the lung 
airway walls during tidal breathing, as well as impaired 
elastic recoil of the parenchyma. Altogether, they sug-
gest that the instillation of elastase elicits a reduction in 
airflow resistance, caused both by pathological changes 
in the central airways and lung tissue, consistent with 
elastolytic parenchymal degradation and airway remo-
deling. Furthermore, visual analysis of micro-CT image 
scans revealed lower X-ray density, and swollen lungs 
in E+/I- animals compared to the V+/I- and CON 
groups (Figure S1H-I). These observations were 
further confirmed by automatic quantification of the 
micro-CT scans. Indeed, quantified lung volumes were 
significantly higher in E+/I- compared to V+/I- and 
CON animals (Figure S1J). Moreover, lung volumes 
in E+/I- mice increased over time contrasting with the 
flat, constant trend measured in both V+/I- and CON 
groups. Regarding the extent of emphysema, measured 
as the percentage of lung voxels below −900 Hounsfield 
units (RVB −900 HU) [24], the obtained values were 
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Figure 1. A mouse model of lung emphysematous infection: experimental design and characterization. (a) Experimental 
design: lung emphysema was induced by oropharyngeal instillation of PPE in CD1 mice (Day −17). Elastase instillation induces 
pulmonary damage compatible with emphysema-like lesions. Mice were instilled with PPE (E+/I-) or received physiological saline 
solution (V+/I-). Animals were infected with ~108 CFU/mouse of H. influenzae Xen21 (Day 0), V+/I+ and E+/I+ groups. Assay types 
and sampling time points are indicated. (b) Longitudinal analysis of lung bacterial loads. Mice were infected as indicated in (a), 
euthanized 6, 12, 24, 30 and 48 hpi, and bacterial loads quantified in homogenized lungs. No significant differences were observed 
between V+/I+ (white) and E+/I+ (green) groups at any of the indicated time points. V+/I+ groups: bacterial counts were lower 24, 
30 and 48- than 6 hpi (p < 0.005); bacterial counts were lower 24, 30 and 48- than 12 hpi (p < 0.05); bacterial counts were lower 48- 
than 24 and 30 hpi (p < 0.0001). E+/I+ animals: bacterial counts were lower 30 and 48- than 6 hpi (p < 0.0001); bacterial counts 
were lower 30 and 48- than 12 hpi (p < 0.005); bacterial counts were lower 48- than 24 and 30 hpi (p < 0.0001). Results are reported 
as log10 CFU/lung and represented as box plot graphs (lines inside boxes represent median values). Statistical comparisons were 
performed using one-way ANOVA and Tukey’s multiple comparison test. *** p < 0.001; ** p < 0.01; * p < 0.05. (c) Bacterial 
bioluminescence was determined 1, 3, 6, 9, 12 and 24 hpi, representative animals are shown (bottom panel). Results are shown as 
mean ± SEM. Statistical comparisons were performed using one-way ANOVA and Tukey’s multiple comparison test. *** p < 0.001; * 
p < 0.05. (d) H. influenzae Xen21 light levels and bacterial numbers in vivo. Bacterial counts and animal luminescence determined at 
different time points post-inoculation (6, 12 and 24 h). Spearman’s correlation coefficient was determined.
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significantly higher in E+/I- compared to V+/I- and 
CON mice, suggesting the prevalence of low X-ray 
density areas, consistent with emphysema-like lesions 
(Figure S1K). Accordingly, Mean Lung Voxel Intensity 
(MLVI) values, that describe the average intensity of 
the lung in HU, and are expected to be lower in 
emphysematous compared to healthy lungs, were 
lower in E+/I- than in V+/I- and CON mice (Figure 
S1L). These results are clearly reflected in the 3D 
volume renders shown in Figures S1M, 3e, and 3jJ.

Histological images of lung sections were also ana-
lyzed 24 d after elastase instillation, to measure the 
main histopathological descriptors of emphysema (i.e. 
the alveolar space, measured through the mean linear 
intercept (MLI), a weighted mean measure of alveolar 
size (D2), and the ratio of alveolar space with respect to 
the whole lung tissue (Ralv/tissue)). The five lung lobes 
were quantified independently. All three parameters 
were significantly higher in E+/I- than in V+/I-, con-
firming the presence of emphysema. No significant 
differences were found between lobes, meaning that 
the presence of emphysema was homogeneous across 
the lung (Figure S2). Caspase-3 staining on these same 
lungs revealed a clear, though not statistically signifi-
cant increase in apoptotic cell density (Caspase-3+/mm2 

(p > 0.075) in mice treated with elastase (E+/I-) com-
pared to control (V+/I-) mice (Figure S3). These 
results suggest that elastase treatment elicits the apop-
tosis of alveolar cells. This is consistent with the par-
enchymal destruction and airspace enlargement 
observed in IHC by H&E sections (Figure S2), and 
the low lung X-ray density observed in the micro-CT 
images (Figure S1I-L).

Furthermore, matrix metalloproteinases (MMPs), 
which are crucial for extracellular matrix remodeling 
following tissue damage, and are elevated in sputum, 
bronchoalveolar lavage, and lung tissue specimens from 
animals and patients with COPD [29,30], were quanti-
fied in our models. Notably, the expression of the mmp- 
2 and mmp-12 genes in emphysematous (E+/I-) lungs 
was higher than in control (V+/I-) uninfected lung 
tissue (Figure S4C-D).

Altogether, these findings demonstrate degradation 
of the alveolar walls and enlargement of the airspace 
induced by elastase activity, which strongly agrees with 
the physiological parameters detected by PFT.

Respiratory infection model (V+/I+)
The H. influenzae RdKW20 strain has been pre-

viously used in mouse models of lung infection 
[31,32]. Both RdKW20 and Xen21 (RdKW20 derivative 
with a luxCDABE insert [33]) strains showed similar 
growth dynamics, while Xen21 bioluminescence accu-
rately reflected the measured bacterial numbers (Figure 

S5A). Likewise, RdKW20 and Xen21 lung bacterial 
counts were comparable upon CD1 mice intranasal 
infection, supporting our use of Xen21 for subsequent 
experiments (Figure S5B). Lung infection with similar 
inocula of exponential or stationary phase grown 
Xen21 bacteria rendered comparable results, although 
lower variability was observed in the counts obtained 
when using exponentially grown bacteria (Figure S5C). 
Finally, we compared lung bacterial loads after intrana-
sal or oropharyngeal administration, obtaining similar 
results. However, the bioluminescent signal detected in 
the lungs of oropharyngeally infected mice was higher 
than the one obtained in the lungs of intranasally 
infected animals (Figure S5D). Together, these results 
supported our use of oropharyngeal administration of 
the exponentially grown H. influenzae strain Xen21 to 
generate a mouse model of lung infection.

Bacterial loads were quantified in V+/I+ lungs. 
Bacterial counts remained comparable 6 and 12 hpi 
(~106 CFU/lung), decreased reaching a second plateau 
between 24 and 30 hpi (~104 CFU/lung), and became 
barely detectable 48 hpi (Figure 1b). In parallel, we used 
bacterial bioluminescence for real-time noninvasive 
detection of NTHi dynamics in vivo. Here, the lungs 
of infected mice were found to emit low bioluminescent 
signals (6–10 × 102 photonic counts), decreasing with 
time as expected (Figure 1c). However, no significant 
correlation coefficients (Spearman r = 1 in V+/I+ mice) 
were found between photon counts and bacterial loads 
at the sampled times (Figure 1d). Furthermore, isolated 
lung lobes of the same mice exhibited also low biolu-
minescence signals (data not shown), altogether sug-
gesting that bioluminescence emission was not a good 
indicator of NTHi pulmonary infection in this model.

The dynamics of pulmonary infection by 
H. influenzae were also examined by PFT and micro- 
CT. During the first 48 hpi, PFT values obtained by 
single-frequency-forced oscillation revealed that V+/I 
+ lungs display higher resistance (R) and elastance (E) 
and lower compliance (C), compared to non-infected V 
+/I- and CON mice. However, these differences disap-
pear 1 week after infection, consistent with the remis-
sion of the effects of the infection (Figure 2a-c). 
Similarly, PFT values obtained using a broadband- 
forced maneuver revealed a significant decrease in tis-
sue inertance (I), compared to non-infected mice dur-
ing the first 48 h, suggesting an increment of 
parenchymal rigidity. On the contrary, tissue elasticity 
(H) displayed significantly higher values during the first 
48 h compared to non-infected mice. Likewise, airways 
(Rn) and parenchymal (G) resistance were also higher 
in V+/I+ compared to V+/I- and CON mice 24 and 48 
hpi, consistent with the higher stiffness of both 
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compartments (Figure S6, upper panels). These results 
suggest altered pulmonary function as early as 24 hpi, 
worsening 48 hpi, when the parenchyma displays lower 
distention capacity and increased level of resistance, i.e. 
constriction in the lungs, both in the airways and 
alveolar areas, that recovers 1 week after infection. 
Visual analysis of micro-CT images reveals evident 
inflammatory signs 24 and 48 hpi in all lung lobes 
(Figure 3a). Indeed, chest scans showed densely radio-
paque areas, as well as consolidated and ground-glass 
opacity regions, which disappear 1 week after infection. 
This observation was confirmed by quantification of 
the corresponding micro-CT images. In particular, the 
MLVI parameter, indicative of the parenchymal opacity 
compatible with the inflammatory process, increased 
significantly 48 hpi, as also observed in the three- 
dimensional reconstruction (Figure 3d-e). Finally, as 
expected, no significant differences in total lung volume 
and RVB −900 HU were detected among groups 
(Figure 3b-c). These results reveal parenchymal 
obstruction happening during the first 48 h after infec-
tion, disappearing 1 wpi, confirming the alterations in 
pulmonary physiology detected by PFT.

For completion, inflammation was also analyzed at 
the molecular level. The expression of kc and tnf-α pro- 

inflammatory mediators in lung tissue of V+/I+ mice 
was higher 24 and 48 hpi than in non-infected V+/I- 
animals, and this increase was restored to basal levels 1 
wpi. In contrast, the expression of the mmp-2 and 
mmp-12 genes in lung tissue of V+/I+ mice was lower 
at 24 and 48 hpi than in V+/I- animals, and such 
decrease was restored to basal levels 1 wpi (Figure 
S4). A microscopy-based score of the lower airway 
histopathological lesions in samples from infected 
mice was also quantified. No significant differences in 
terms of lymphocyte counts were observed between V 
+/I- and V+/I+ groups. In contrast, scoring of alveolar 
macrophages and bronchiolar recruitment of polymor-
phonuclear cells (PMN) showed higher numbers in V 
+/I+ than in V+/I- animals. PMN recruitment was 
higher 24 and 48 hpi, and decreased after 1 wpi 
(Table 1, upper panels). In summary, the inflammatory 
response, measured by the expression of pro- 
inflammatory cytokines and recruitment of PMNs and 
macrophages nicely correlates with the damage quanti-
fied by means of PFT and radiological measurements.

Model of COPD bacterial exacerbation by single-dose 
NTHi infection in emphysematous mice (E+/I+)

COPD bacterial exacerbation was elicited by oro-
pharyngeal administration of exponentially grown 

Figure 2. Pulmonary NTHi infection modifies lung physiology in the murine model. Evolution of pulmonary physiological 
parameters at the indicatedpost-infection time points by PFT (24 and 48 hpi; 1, 2 and 3 wpi). Mice groups: non-infected control 
animals with normal lung function (CON, black cross); V+/I- and E+/I-, white and green circles, respectively; V+/I+ and E+/I+, white 
and green squares, respectively. (a and d) Lung resistance (R, cmH2O.s/mL), (b and e) elastance (E, cmH2O/mL), (c and f) compliance 
(C, mL/cmH2O), measured by the single-frequency forced oscillation maneuver. Results are shown as mean ± SEM, statistical 
differences were analyzed using a two-way ANOVA followed by Bonferroni´s post-hoc test. *** p < 0.001; ** p < 0.01; * p < 0.05.
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H. influenzae strain Xen21 in emphysematous mice. As 
observed in V+/I+ animals, bacterial counts remained 
comparable 6 and 12 hpi (~106 CFU/lung), decreased 
reaching a second plateau between 24 and 30 hpi (~104 

CFU/lung), and became barely detectable 48 hpi. Even 
if the trend was similar, bacterial counts were consis-
tently higher in E+/I+ than in V+/I+ groups 

(Figure 1b). As indicated, the lungs of infected mice 
were found to emit very low bioluminescent signals 
(Figure 1c), resulting in no significant correlation coef-
ficients (Spearman r = 0.5000 in E+/I+ mice) between 
photon counts and bacterial loads (Figure 1d).

PFT values obtained by single-frequency-forced 
oscillation revealed lower compliance (C) and higher 

Figure 3. Pulmonary NTHi infection induces lung inflammation in the murine model. (a and f) Representative micro-CT images 
in the longitudinal section (upper row) and cross-section (bottom row) acquired from the chest of the V+/I- and V+/I+ (a), and E+/I- 
and E+/I+ (f) mice, at the indicated time points. Evolution of the image parameters calculated from the micro-CT scans at the 
indicated time points (number of images, n ≥ 3). Mice groups: non-infected control animals with normal lung function (CON, black 
cross); V+/I- and E+/I-, white and green circles, respectively; V+/I+ and E+/I+, white and green squares, respectively. (b and g) Total 
lung volume (mm3). (c and h) Relative lung volume below −900 HU (RVB −900 HU). (d and i) Mean lung voxel intensity (MLVI). (e) 
Representative rendered views, and 2D axial micro-CT slices of a lung from V+/I- and V+/I+ models, 48 hpi and 1 wpi. Yellow areas 
indicate hyperintense regions corresponding with infection. (f) Representative 3D rendered views, and 2D axial micro-CT slices of a 
lung from E+/I- and E+/I+ models, 48 hpi and 1 wpi. Yellow areas indicate hyperintense regions corresponding with infection. Red 
areas indicate areas of low X-ray absorption corresponding with emphysema. In (e) and (j), lung reconstructions show the main 
airways in solid blue, the lungs in transparent blue, the low-density areas in red (RVB −900 HU), and the high-density areas in yellow 
(RV −30/-150 HU). Axial micro-CT slices show RVB −900 HU and RV −30/-150 HU parameters merged on the radiographic image. 
Results are shown as mean ± SEM, statistical differences were analyzed using a two-way ANOVA followed by Bonferroni´s post-hoc 
test. *** p < 0.001; ** p < 0.01; * p < 0.05.
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resistance (R) and elastance (E) in E+/I+ mice com-
pared to their non-infected controls. This is similar to 
what was observed in V+/I+ mice. Strikingly however, 
in E+/I+ animals, pulmonary dysfunction remained 
until 3 weeks post-infection (Figure 2d-f). Similarly, 
PFT values obtained using a broadband-forced maneu-
ver showed a significant increase in tissue elasticity (H), 
as well as in parenchymal (G) and airway resistance 
(Rn), and significantly lower inertance (I) values in E 
+/I+ compared to E+/I- mice, during the first 2 weeks 
post-infection, and a return to baseline levels 3 wpi 
(Figure S6, lower panels). Altogether, these results 
clearly point to higher rigidity of both lung parenchyma 
and central airways, exacerbated due to the emphyse-
matous background, since the measured increment in 
all physiology parameters, relative to their respective 
controls, was higher in E+/I+ than in V+/I+ mice 
(Figure S6). Indeed, the peak of parenchymal inflam-
mation in E+/I+ mice, measured from most PFT para-
meters, raised relative to its control (E+/I-) levels, and 
was shifted from 48 hpi to 1 wpi, while the recovery of 
the PFT parameters back to the level of the emphyse-
matous non-infected E+/I- background levels was 
delayed 2 weeks. Thus, from the standpoint of lung 
function, the existence of an emphysematous 

background exacerbates the intensity and duration of 
the effects of the NTHi infection.

Consistent with the PFT measurements, visual ana-
lysis of micro-CT images revealed higher X-ray density 
areas in E+/I+ lungs 48 hpi compared to E+/I- mice. 
This increment became more evident 1 wpi, while full 
recovery of E+/I+ lungs also occurred 3 weeks after 
NTHi infection (figure 3f). Despite this, radiological 
signs of inflammation were less well defined in E+/I 
+ than in V+/I+ mice, maybe due to preexisting alveo-
lar wall degradation caused by elastase activity that 
reduces bacterial target cell types or tissues. 
Quantitative analysis of E+/I+ lungs revealed significant 
differences in the MLVI index compared to E+/I- mice, 
48 h after infection (Figure 3i), and significantly lower 
RVB −900 HU values were detected 48 hpi and 1 wpi, 
consistent with the described inflammatory peak 
(Figure 3h). These results are clearly reflected in the 
3D renders shown in Figure 3j. Bearing these findings 
in mind, NTHi infection modifies lung physiology and 
induces parenchymal inflammation regardless of lung 
status. However, the inflammatory process is longer 
and more acute in the emphysematous-like back-
ground. For completion, expression of kc and tnf-α 
pro-inflammatory genes in lung tissue of E+/I+ mice 

Table 1. Score of histopathology lesions found in the airways of V+ or E+ administered mice, infected with the strain H. influenzae 
Xen21.

Score (mean ± SD)a

hpi Bronchioli 
PMNsb

Alveolar 
macrophages

Lymphocytes

V+/I- - 0.2 ± 0.27 0 0
E+/I- - 0.4 ± 0.25 0.5 0

Single infection V+/I+ 24 
48 

168 (1 week)

f1.8 ± 0.5 
f2.5 ± 0.4 

f1.1 ± 0.75

c1 ± 0.3 
c1.5 

c1.3 ± 0.28

0 
0.1 ± 0.4 

0
E+/I+ 24 

48 
168 (1 week)

f1.9 ± 0.5 
f,i2.1 ± 0.4 

g0.4 ± 0.39

c,d1.4 ± 0.2 
c1.4 ± 0.2 

c1.1 ± 0.41

0 
0.4 ± 0.5 

0.4 ± 0.52
Recurrent infection V+/I2+ 24 

48 
72 
96

1.25 ± 0.29 
1.63 ± 0.85 
0.75 ± 0.65 

0.5 ± 0.7

e1.38 ± 0.48 
e1.38 ± 0.48 

e2 ± 0.71 
e2.25 ± 0.35

0.13 ± 0.25 
0.38 ± 0.48 

h1 ± 0.41 
h1.5

E+/I2+ 24 
48 
72 
96

1 ± 0.84 
0.25 ± 0.86 
0.25 ± 0.29 
0.17 ± 0.41

e1.42 ± 0.58 
e2 ± 0.74 

1.25 ± 0.65 
e1.30 ± 0.67

0.33 ± 0.26 
h0.75 ± 0.27 
h0.88 ± 0.25 
h1.33 ± 0.41

aStatistical comparisons of mean values were performed using two-way ANOVA followed by Tukey’s multiple-comparison test. 
bPMNs: infiltrates of polymorphonuclear cells. 
cSingle infection: Higher proportion of alveolar macrophages in infected- than in non-infected mice, compared to their respective non-infected controls 

(p<0.001). 
dSingle infection: Higher proportion of alveolar macrophages in E+/I+ than in V+/I+ mice, 24 hpi (p<0.05). 
eRecurrent infection: Higher proportion of alveolar macrophages in infected- than in non-infected mice, compared to their respective non-infected controls 

(p<0.05). 
fSingle infection: Higher proportion of PMNs in infected- than in non-infected mice, compared to their respective non-infected controls (p<0.0001). 
gSingle infection: Lower proportion of PMNs in E+/I+ than in V+/I+ mice, 1 wpi (p<0.0005). 
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was higher 24 and 48 hpi than in E+/I- animals, and 
such increase was restored to basal levels 1 wpi. In 
addition, expression of the mmp-2 and mmp-12 genes 
in lung tissue of E+/I+ mice was lower at 24 and 48 hpi 
than in E+/I- animals (Figure S4).

The extent of emphysema in histological images of 
infected lung sections was also analyzed using the MLI, 
D2, and Ralv/tissue descriptors. All three parameters were 
higher in E+/I+ than in V+/I+, confirming a clear 
enlargement of alveolar spaces and, thus, the presence 
of emphysema (Figure S2). No significant differences 
were found between lobes, showing a homogeneous 
extent of emphysema across the lung. Caspase-3 stain-
ing showed significant increase in apoptotic cell density 
(Caspase-3+/mm2) 24 d after elastase treatment in E+/I 
+ mice compared to the V+/I+ group (Figure S3), 
pointing to a higher apoptosis rate within the lung 
parenchyma of animals instilled both with elastase 
and NTHi.

Conversely, no significant differences in terms of 
lymphocyte counts were observed between E+/I- and 
E+/I+ groups. Contrarily, scoring of alveolar macro-
phages and bronchiolar recruitment of PMNs showed 
higher numbers in E+/I+ than in E+/I- animals, and 
scores of PMNs recruitment were higher 24 and 48 hpi, 
and decreased after 1 wpi. Furthermore, we observed 
higher alveolar macrophage scoring 24 hpi and lower 
PMN recruitment 1 wpi in those animals treated with 
elastase (E+/I+) compared to V+/I+ mice (Table 1, 
upper panels).

Summarizing, these results suggest an increased 
infectious response caused by NTHi in mice undergoing 
emphysema lesions promoted by altered expression of 
pro-inflammatory cytokines and the consequent infiltra-
tion of cells with inflammatory activity (macrophages 
and PMN), which seem to cause longer persistence of 
parenchymal lesions detected by X-ray imaging, as well 
as alteration of physiological lung parameters in the E+/I 
+ animals compared to V+/I+ ones.

Modeling the COPD frequent exacerbator 
phenotype by NTHi recurrent infection in 
emphysematous mouse lung

We next reasoned that recurrent NTHi infections in 
a background of lung emphysema might faithfully reca-
pitulate features of the COPD frequent exacerbator 
phenotype. The generation of this model (E+/I2+) 
and its multimodal longitudinal analysis is presented 
in Figure 4a. We inoculated H. influenzae Xen21 (day 
−7) and allowed 1 week for the infection to clear. Then, 
we performed a second identical inoculation (day 0). In 
non-emphysematous, re-infected V+/I2+ animals, the 

bacterial load measured was almost undetectable 48 
h after re-infection, similar to what was observed in 
singly infected V+/I+ animals. However, clearance after 
bacterial re-infection was slower in E+/I2+ mice, taking 
almost 96 h (Figures 4B and 1b).

The dynamics of recurrent pulmonary infection by 
H. influenzae were also examined by PFT and micro- 
CT. Namely, PFT values obtained by single-frequency- 
forced oscillation displayed lower compliance (C) and 
increased resistance (R) and elastance (E) during the 
first 6 weeks after re-infection (V+/I2+), compared to 
non-infected V+/I2- mice (Figure 5a). This trend was 
similar in those animals with an emphysematous-like 
background (E+/I2+), which also displayed signifi-
cantly lower compliance (C) and higher resistance (R) 
and elastance (E) than E+/I2- mice. However, pulmon-
ary lesions were sustained in E+/I2+ mice up to 9 weeks 
after re-infection, and full recovery did not occur until 
week 12 post re-infection (Figure 5b). Similarly, pul-
monary function values obtained using a broadband- 
forced maneuver showed a significant increase in tissue 
elasticity (H), as well as in parenchymal (G) and airway 
resistance (Rn), and significantly lower tissue inertance 
(I) values in V+/I2+ and E+/I2+ mice compared to 
their respective non-infected groups. Functional para-
meters, as observed in the single-frequency-forced 
maneuver, displayed the same time recovery gap, i.e. 9 
and 12 weeks for V+/I2+ and E+/I2+, respectively 
(Figure S7). These results highlight that recurrent 
NTHi infection causes chronic pulmonary lesions and 
delays parenchymal recovery regardless of lung status, 
although the recovery time needed is longer in the 
emphysematous lung. In this sense, micro-CT images 
visual analysis revealed evident higher X-ray density 
areas both in V+/I2+ and E+/I2+ lungs during the 
first week after re-infection compared to the non- 
infected groups, consistent with the inflammatory 
peak (Figure 5c-d). These densely radiopaque areas 
disappeared in V+/I2+ mice 9 weeks after re- 
infection, while they subsided in E+/I2+ mice week 12 
post re-infection. Summarizing, recurrent NTHi infec-
tion elicits a synergistic effect of the pulmonary lesion 
and reveals circular infection dynamics that compro-
mise lung recovery, further exacerbated by the parench-
ymal degradation developed in elastase-treated mice E 
+/I2+.

Likewise, microscopy scoring of lower airway histo-
pathological lesions in samples from V+/I2+ and E+/I2 
+ groups, euthanized 24, 48, 72, and 96 h after re- 
infection, showed no differences in terms of PMN 
recruitment when comparing the V+/I2+ and E+/I2 
+ groups. Scoring of alveolar macrophages and lym-
phocytes showed higher numbers in infected than in 
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non-infected animal groups. Scoring of lymphocytes 
was initially low but increased over time in the same 
manner in both infected groups. Finally, when compar-
ing single and recurrent infection, higher proportion of 
PMN was observed in E+/I+ than in E+/I2+ mice, at 48 
hpi (Table 1).

In conclusion, our analysis shows that the E+/I2+ phe-
notype could represent a suitable model system for the 
COPD frequent exacerbator phenotype, as it displays 
a longer time for bacterial clearance, together with 
a synergistic effect of the infectious and emphysematous 
attacks that produces inflammatory lesions observed to 
remain in the lung until 12 weeks post re-infection.

Azithromycin clears NTHi infection in a COPD 
frequent exacerbator mouse model

Antibiotics are indicated in patients with severe COPD 
who suffer frequent exacerbations despite optimal inha-
ler therapy, as being beneficial by reducing hospital 
readmissions and frequency of acute exacerbations 
[34,35]. Based on its clinical interest, our model was 
used to assess the efficacy of AZM. The minimal inhi-
bitory concentration (MIC) of AZM for the NTHi 
Xen21 strain is 4 μg/ml. We sought to determine the 
impact of AZM oroesophageal administration on NTHi 
recurrent pulmonary infection, by using a regimen 

Figure 4. Emphysema mice recurrent pulmonary infection by NTHi, experimental design and analysis of lung bacterial 
loads. (a) Experimental design: lung emphysema was induced by oropharyngeal instillation of PPE (Day −24). Controls: animals were 
administered vehicle solution (V+/I-) but did not receive elastase (E+/I-). Animals were infected with ~108 CFU/mouse of 
H. influenzae Xen21 (Day −7, infection 1). Same animals were infected with ~108 CFU/mouse of H. influenzae Xen21 (Day 0, 
infection 2), V+/I2+ and E+/I2+ groups. Assay types and sampling time points are indicated. (b) Mice were infected as indicated in 
(a), euthanized 24, 48, 72 and 96 hpi, and bacterial loads quantified in lungs (log10 CFU/lung). Infection took longer to clear in 
emphysema mice, significant differences were observed between V+ (white) and E+ (green) mice 48 (p < 0.0001) and 72 (p < 0.01) 
hpi. V+/I2+ mice: bacterial counts were lower 48, 72 and 96- than 24 hpi (p < 0.001). E+/I2+ mice: bacterial counts were lower 96- 
than 24 and 48 hpi (p < 0.05 and p < 0.01, respectively). (c) Effect of AZM administration on bacterial loads in NTHi infected mice. 
AZM (100 mg/kg/dose) was administered oroesophageally as indicated in (a). Control animals were administered water. Bacterial 
counts were determined 24, 30 and 36 hpi. V+ infected animals: 24 hpi, Xen21 counts were significantly lower in V+/I2+/AZM than 
in V+/I2+ animals (p < 0.0001). Also, bacterial counts were lower 30 and 36 than 24 hpi (p < 0.01 and p < 0.05, respectively). E 
+ infected mice: bacterial counts were lower in E+/I2+/AZM than in E+/I2+ animals 24 (p < 0.0001), 30 (p < 0.05) and 36 
(p < 0.0001) hpi. Also, bacterial counts were lower 30 than 24 hpi (p < 0.01). Results are reported as log10 CFU/lung and represented 
as box plot graphs (lines inside boxes represent median values). Statistical comparisons were performed using one-way ANOVA and 
Tukey’s multiple comparison test. *** p < 0.001; ** p < 0.01; * p < 0.05.
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Figure 5. Recurrent NTHi infection exacerbates lung damage and renders chronic lung lesions in mice. CD1 mice were 
infected with NTHi Xen21 on days −7 and 0, after instillation of physiological saline solution (V+/I2+) or PPE (E+/I2+), as indicated in 
Figure 4a. (a-b) Evolution of physiological parameters at the indicated time points, measured in V+/I2+ and E+/I2+ mice, in 
comparison with their respective non-infected groups (V+/I2- and E+/I2-). Mice groups: V+/I2- and E+/I2-, white and green circles, 
respectively; V+/I2+ and E+/I2+, white and green squares, respectively. (a, b) Lung resistance (R, cmH2O.s/mL), elastance (E, cmH2O/ 
mL) and compliance (C, mL/cmH2O) measured by the single-frequency forced oscillation maneuver. (c, d) Representative micro-CT 
images (n = 2) in the longitudinal section (upper row) and cross-section (bottom row) acquired from the chest of the V+/I2+ and E 
+/I2+ mice at the indicated time points. V+/I- and E+/I- animals are shown as controls. Results are shown as mean ± SEM, statistical 
differences were analyzed using a two-way ANOVA followed by Bonferroni´s post-hoc test. *** p < 0.001; ** p < 0.01; * p < 0.05.
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consisting of repeated AZM administrations 
(Figure 4a), by adapting a previously used approach 
[36]. The results indicated that this AZM treatment 
was effective providing clearance of NTHi infection at 
the three post-infection time points tested when com-
paring V+/I2+/AZM to V+/I2+, and E+/I2+/AZM to E 
+/I2+. Such clearing effect was independent of previous 
emphysema development (Figure 4c). AZM has dual 
antimicrobial and anti-inflammatory properties [37]. 
Histopathology score was not performed on AZM- 
treated groups precluding us from assessing its effect 
on leukocyte recruitment. Nevertheless, we quantified 
the expression of kc and tnf-α pro-inflammatory genes 
in lung tissue of E+/2I+ mice upon AZM treatment, 
and observed a decrease to basal levels comparable to 
those in uninfected animals (Figure S8). AZM cleared 
NTHi infection; therefore, the observed effect may be 
the outcome of both AZM immunomodulatory and 
antibiotic effects.

Discussion

Understanding the nature and frequency of COPD 
exacerbations is instrumental to identify individuals at 
high risk for such events, and for the delineation of 
specific clinical phenotypes. Four phenotypes of exacer-
bations have been described: bacterial, viral, inflamma-
tory (eosinophilic), and pauci-inflammatory, being 
more than 50% of them of microbial nature. Bacterial 
exacerbations can be explained by (i) the “fall and rise” 
hypothesis, suggesting a primary chronic bronchial 
infection as a result of impaired local defenses. The 
increase in bronchial bacterial load and associated 
increase in inflammation in a chronically infected 
patient may cause the symptoms of exacerbation; (ii) 
newly acquired infecting strains against which no 
immune protection exists may explain the occurrence 
of an exacerbation; (iii) a viral infection may impair the 
local defenses thus facilitating bacterial infection [5]. 
Furthermore, the Global Initiative for Chronic 
Obstructive Lung Disease (GOLD) therapeutic strategy 
requires a history of two or more exacerbations in the 
previous year as a key component to define frequent 
exacerbators [38,39]. In this context, we addressed the 
need for a disease model of such frequent exacerbator 
phenotype with bacterial origin, by presenting a novel 
mouse model of recurrent bacterial pulmonary infec-
tions in an emphysematous lung. Several groups have 
established animal models of bacterial exacerbation in 
COPD [15,40,41], and cigarette smoke and elastase/LPS 
treatment have been shown to exacerbate the inflam-
matory responses to NTHi in mice [13,14,16,19–21]. 
However, to the best of our knowledge, our model 

recapitulates, for the first time, the inflammatory com-
ponent of the frequent exacerbator situation observed 
in COPD patients, by using two recurrent bacterial 
inoculations in a damaged murine lung undergoing 
emphysema lesions. From a mechanistic perspective, 
we may recall a situation half-way between the above 
cited “fall and rise” and newly infecting strain hypoth-
eses, by generating recurrent infection by repeated 
inoculation of clonal bacteria.

The standard techniques used to evaluate infection 
in preclinical settings, i.e. microbial load quantification 
in homogenized tissues and microscopic observation, 
are severely limited by their invasive character, thus 
precluding the longitudinal evaluation of the disease 
in the same animal, and requiring sampling of high 
number of animals. Conversely, X-ray micro-CT ima-
ging allows noninvasive longitudinal monitoring of dis-
ease progression. This technique was previously applied 
to the study of invasive pulmonary aspergillosis, cryp-
tococcosis, S. aureus pneumonia, or lung lesions by 
Streptococcus pyogenes [23,28,42–44], and also to track 
emphysematous lesions over time in living mice and 
evaluate the progression of the associated alveolar 
destruction [24,27]. Indeed, the extent of emphysema 
in a mouse lung has been shown to correlate with the 
mean X-ray intensity, the prevalence of low-density 
areas, and/or the total lung volume. More relevant to 
our work, this imaging approach has been previously 
used to characterize a model of exacerbation in COPD, 
generated by administering a single dose of LPS into 
the trachea of mice with established emphysematous 
lung disease instigated by prior exposure to elastase 
[45]. Here, we go one step further, by using micro-CT 
to evaluate disease progression in a model consisting of 
a single or recurrent H. influenzae pulmonary infection 
in an emphysematous mouse lung, as a means of mod-
eling COPD baseline and frequent exacerbation. Our 
quantitative micro-CT-based results show that the 
models of single (E+/I+), and especially of recurrent 
(E+/I2+) infection display clear radiological signs of 
lung inflammation that are higher in intensity and 
take longer to clear (3 weeks in the E+/I+ and 
12 weeks in the E+/I2+ model) than the control 
model of infection on a non-emphysematous lung (V 
+/I+), clearing all radiological signs of inflammation in 
1 week.

COPD clinical management normally includes pul-
monary function tests, to measure the amount of air 
inhaled and exhaled, and whether the lungs deliver 
enough oxygen to the blood (spirometry, measurement 
of lung volumes and diffusing capacity, 6-minute walk 
test, pulse oximetry). Accordingly, we quantitatively 
characterized lung function in our mouse models 
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using passive tests of pulmonary function. By using 
both a single frequency and a more complex broad-
band-forced oscillation model, we quantified the effect 
of the infectious process in the function of the lungs, 
observing in all cases (V+/I+, E+/I+, V+/I2+, E+/I2+), 
temporal trends in the main parameters tracked that 
closely parallel those observed by micro-CT imaging. 
This highlights the complementary value of both tech-
niques that faithfully capture the lung damage caused 
by the inflammatory and elastolytic damage inflicted on 
the lungs, both at radiological and physiological levels. 
To further correlate our radiological findings with 
in situ measurements of inflammation, we measured 
the expression of pro-inflammatory cytokines asso-
ciated with bacterial infection and inflammatory cell 
recruitment, supported by previous studies reporting 
how PMNs play key roles in parenchymal elastolytic 
degradation and actively contribute to emphysema pro-
gression [46,47]. These results suggest that the inflam-
matory response takes place immediately after 
instillation of NTHi and correlates over time with the 
development of inflammation areas on radiographic 
images as well as their effect on pulmonary function. 
In summary, our findings highlight the potential of 
micro-CT to perform longitudinal studies and provide 
accurate information on emphysema progression and 
inflammation development and clearance.

Another interesting outcome of this study is that 
recovery times for bacterial load clearance from the 
murine lungs and airways return to baseline symptoms, 
were uncoupled, and such uncoupling is different and 
amplified after recurrent infection. Thus, bacteria are 
cleared 48 h post-single infection but return to baseline 
symptoms takes up to 3 weeks in the exacerbator (E+/I 
+) model; even more, bacteria are cleared 96 h post- 
recurrent infection and return to baseline symptoms 
takes up to 12 weeks in the frequent exacerbator (E 
+/I2+) model. When translating into humans, patients 
recover to baseline symptoms after 7 d in half of 
exacerbations, but in about 14% of events patients do 
not return to baseline symptoms within 35 d of onset, 
and in a small proportion, symptoms never return to 
the baseline level. In fact, ~30% of exacerbated patients 
are seen again and possibly readmitted with another 
event within 8 weeks, and ~20% of moderate-severe 
COPD patients followed-up after exacerbation have 
a recurrent event within 50 d of the first one. Thus, 
an initial exacerbation increases susceptibility to 
a subsequent one, and patients with a history of fre-
quent exacerbations have increased airway inflamma-
tion likely contributing to disease progression [2]. 
Overall, we put forward the notion that the E+/I2+ phe-
notype may nicely emulate several features of the 

COPD frequent exacerbator phenotype. The observed 
delays in both bacterial clearance and inflammatory 
lung recovery after re-infection, compared to single 
infection and non-infected control groups, are aligned 
with clinical observations, and with the notion of recur-
rent infection contributing to disease progression in 
a circular manner (Figure 6, upper graphs).

Our multimodal approach based on quantifying bac-
terial and host lung parameters, has shown to be highly 
complementary. However, we acknowledge several 
drawbacks and considerations. First, we initially con-
sidered bioluminescence imaging to obtain longitudinal 
information on the extent of bacterial load, but could 
not be reliably used. Bioluminescence was previously 
used by other groups to monitor NTHi infection within 
the nasopharynges, eustachian tubes and middle ear of 
chinchilla after intranasal and transbullar infections 
[48–50], but did not allow direct monitoring of bacter-
ial movement from the nasopharynx to the middle ear 
in a Junbo mouse model of otitis media due to insuffi-
cient signal [33]. Bioluminesce monitoring of lung 
infection renders dissimilar results depending on 
mouse models, pathogens and strains [51]. Here, cor-
relation of bioluminescence signal with bacterial loads 
was poor, maybe due to spread and dilution of the non- 
multiplying inoculum rendering insufficient signal for 
an imaging of the lower airways in vivo. This type of 
limitation was previously reported for S. pneumoniae 
and Pseudomonas aeruginosa [52,53]. Second, the num-
ber of recurrent infections in the same animal may be 
a limiting factor. Here, we performed two identical 
recurrent infections 1 week apart. After the second 
infection, the bacterial load recovered 24 hpi was 
lower than after the first one, maybe due to the 
increased animal weight or immune system insensitiv-
ity. This issue could be amplified in subsequent infec-
tions. Third, the quantification of alveolar cell 
destruction by Caspase-3 immunostaining showed 
a trend, but not a significant difference between the V 
+/I- and E+/I- groups. This is most likely due to the 
relatively low number of animals analyzed (n = 5), and 
the analysis time point. Indeed, 24 d after elastase 
instillation, which is an appropriate time point to eval-
uate the extent of emphysematous lesion, might be 
a late time to evaluate the level of alveolar destruction 
by means of the quantification of apoptotic cells. 
A future time course assay, including earlier times 
would allow investigating the apoptotic effect of elas-
tase on alveolar cells from the time of elastase instilla-
tion on. Fourth, elastase-induced emphysema, which 
we acknowledge may have limitations when resembling 
the pathology seen in COPD, did not allow consistent 
sampling of bronchoalveolar lavage fluid, impairing the 
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analysis of inflammatory cells present in this type of 
samples. This could relate to the use of CD1 mice, in 
contrast to previous studies exposing C57BL/6 animals 
to LPS/elastase [19,45]. Along these lines, the choice of 
murine models and procedures to generate COPD-type 
lesions is likely to be a key factor in some aspects of the 
outcome. In fact, our data regarding bacterial load align 
nicely with those presented by Pang and coauthors 
[16], who observed that NTHi pulmonary clearance 

was impaired in elastase-treated mice. This is in conflict 
with Gaschler and coauthors [21], who observed accel-
erated clearance of NTHi from cigarette smoke- 
exposed mice. This discrepancy could be due to 
a higher NTHi-specific IgA in the cigarette smoke 
animals, or even to an inhibitory/cytotoxic effect of 
the cigarette smoke on NTHi. Finally, our decision to 
terminate the experiment at 12 weeks was based on the 
observation that at that time, we could not see 

Figure 6. A disease model based on murine emphysematous lung recurrent bacterial infection in the context of the COPD 
vicious circle hypothesis. Alterations in innate defenses induced by inhalational exposure due to cigarette or biomass smoke allow 
pathogenic bacteria initiating the endless vicious circle that contributes to disease progression. By modeling increased elastolytic 
activity by elastase administration and combined use of longitudinal approaches, we observed that newly acquired opportunistic 
pathogenic bacteria contribute to the decline of pulmonary function and to airway inflammation. Respiratory parameters return to 
the baseline after bacterial clearance, but such return is much slower than bacterial clearance as such, and this delay is further 
amplified in the damaged lungs (single infection summary, upper left representation: E+/I+, continuous lines; V+/I+, dashed lines; 
bacterial load, blue lines; PFT and X-ray data, black lines). Recurrent infection exacerbates such gaps, heavily increasing lung recovery 
times, i.e. from 3 to 12 weeks after re-infection of emphysema lungs (recurrent infection summary, upper right representation: E+/I2 
+, continuous lines; V+/I2+, dashed lines; bacterial load, blue lines; PFT and X-ray data, black lines). This E+/I2+ situation may 
emulate features of the COPD frequent exacerbator phenotype.
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significant differences between double infected (E+/I2 
+) and non-infected (E+/I2-) animals, based on the 
PFT values and a qualitative visual examination of the 
micro-CT images. Therefore, we focused only in the 
short-term effect of emphysema in the duration and 
strength of the infection, monitored after each infec-
tious attack, but not in the long-term effect of the 
exacerbation on the underlying emphysematous lung. 
It would be interesting to extend the study to look at 
the long-term effects of the infection on the baseline 
emphysema. The expected results of such a long-term 
study, based on our preliminary results, point to an 
exacerbation of emphysema in mice that undergo 
both NTHi infection and emphysema, compared to 
the non-infected emphysematous mice. This observa-
tion agrees with what is reported in the literature after 
LPS administration in elastase-treated mice [45] .

To conclude, the information presented here is inte-
grated in the so-called COPD vicious-circle hypothesis 
[11], where the gradual lung damage and loss of function 
are consequences of successive rounds of microbial dys-
biosis with anomalous inflammation, where new strains 
of opportunistic bacteria may account for about one-half 
of exacerbations. E+/I2+ modeled increased elastolytic 
activity and recurrent bacterial infection. This way, and 
by comparing E+/I2+ data with those obtained from E+/I 
+ and V+/I2+ animal groups through time, we could 
model the deleterious impact of recurrent lung infection, 
by sustaining bacterial load, lung function decline, and 
airway inflammation for longer time (Figure 6). 
Currently, COPD patients and their physicians face sig-
nificant clinical challenges, including determining the 
bases for identifying the biological and clinical implica-
tions of the presence of pathogenic bacteria in the air-
ways according to the COPD phenotype, next to 
exploring suitable treatments. Aligned with those needs, 
the mouse model presented here aims to provide an 
in vivo tool to facilitate investigating the COPD frequent 
exacerbator phenotype.
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