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Summary

Pseudomonas aeruginosa is the major respiratory pathogen in patients 
with cystic fibrosis (CF). P. aeruginosa-secreted proteases, in addition to 
host proteases, degrade lung tissue and interfere with immune processes. 
In this study, we aimed at evaluating the possible anti-inflammatory effects 
of protease inhibitors Marimastat and Ilomastat in the treatment of  
P. aeruginosa infection. Lung infection with the P. aeruginosa PAO1 strain 
was established in wild-type and cystic fibrosis transmembrane conduct-
ance regulator (CFTR) knock-out C57BL/6 mice expressing a luciferase 
gene under control of bovine interleukin (IL)-8 promoter. After intratra-
cheal instillation with 150  µM Marimastat and Ilomastat, lung inflamma-
tion was monitored by in-vivo bioluminescence imaging and bacterial load 
in the lungs was assessed. In vitro, the effects of protease inhibitors on 
PAO1 growth and viability were evaluated. Acute lung infection was es-
tablished in both wild-type and CFTR knock-out mice. After 24  h, the 
infection induced IL-8-dependent bioluminescence emission, indicating 
lung inflammation. In infected mice with ongoing inflammation, intratra-
cheal treatment with 150  µM Marimastat and Ilomastat reduced the bio-
luminescence signal in comparison to untreated, infected animals. Bacterial 
load in the lungs was not affected by the treatment, and in vitro the same 
dose of Marimastat and Ilomastat did not affect PAO1 growth and viability, 
confirming that these molecules have no additional anti-bacterial activity. 
Our results show that inhibition of protease activity elicits anti-inflam-
matory effects in cystic fibrosis (CF) mice with acute P. aeruginosa lung 
infection. Thus, Marimastat and Ilomastat represent candidate molecules 
for the treatment of CF patients, encouraging further studies on protease 
inhibitors and their application in inflammatory diseases.
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Introduction

Cystic fibrosis (CF) is a common life-threatening, reces-
sively inherited genetic disease characterized by chronic 
pulmonary involvement [1]. Pseudomonas aeruginosa is 
considered the main airway pathogen in CF, affecting more 
than 50% of patients, particularly adults [2]. Especially 
during early colonization, P. aeruginosa releases a multitude 
of virulence factors which contribute to lung damage and 
trigger airways immune defenses, causing an excessive and 
prolonged inflammatory response characterized by intense 

recruitment of neutrophils [3]. Microbial persistence even-
tually develops into chronic infection. Progressive inflam-
mation and chronic infection lead to lung deterioration 
and ultimate lung failure, which is the first cause of death 
for CF patients [4].

Excessive and dysregulated secretion of host and bacte-
rial proteases in the CF lung strongly contribute to exac-
erbation of the inflammatory response and lung damage. 
Neutrophil elastase can disrupt lung tissue, contribute to 
mucociliary impairment, support excessive neutrophils 
influx, hinder phagocytosis and efferocytosis and trigger 
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the senescence of bronchial epithelial cells which secrete 
large amount of proinflammatory cytokines and matrix 
metalloproteases [5–11]. Neutrophil elastase also degrades 
many components of innate anti-microbial defenses, indi-
rectly promoting P. aeruginosa infection [12]. Although 
the main source of protease activity in CF lungs is thought 
to be activated neutrophils, it has become evident that P. 
aeruginosa secreted proteases disrupt key host processes 
by several means, such as activation of cascade pathways, 
disruption of cytokine signaling, inactivation of cell recep-
tors and host protease inhibitors, degradation of host 
complement factors, mucins, surfactant and disruption of 
tight junctions between epithelial cells, thus strongly con-
tributing to lung disease [13,14].

Protease-inhibiting molecules could target the damaging 
effects of proteases present in CF airways, limiting inflam-
matory response and lung injury. Within this category of 
therapeutic molecules, various hydroxamate-based broad-
spectrum matrix metalloprotease inhibitors (MMPIs) have 
already entered clinical trials as cancer therapeutics, 
although with disappointing results regarding their effec-
tiveness in delaying cancer progression [15,16]. In particular, 
MMPIs Marimastat and Ilomastat are attractive candidates, 
as they have previously been reported to inhibit both 
neutrophil elastase and P. aeruginosa-secreted proteases 
[17–20]. By targeting both host and bacterial proteases 
involved in lung infection processes, such as dysregulation 
of the inflammatory response, they could be a useful 
addition to CF therapeutic treatments. Furthermore, unlike 
traditional antibiotics which target fundamental processes, 
thereby creating enormous selection pressures, anti-protease 
therapy should be less likely to result in the generation 
of resistant pathogens.

In this study, we aimed at evaluating the possible anti-
inflammatory effects of MMPIs Marimastat and Ilomastat 
in the treatment of P. aeruginosa acute infection using 
an in-vivo imaging approach.

Materials and methods

Bacterial strain

P. aeruginosa laboratory strain PAO1 was used in this 
study. The strain was stored in MicrobankTM (Biolife 
Italiana, cat. no. 17PL170M; Biolife Italiana, Monza, Italy) 
at −80°C.

MMPIs

Marimastat (Tocris Bioscience, Bristol, UK) and Ilomastat 
(Galardin, GM6001; Tocris Bioscience) were diluted in 
dimethylsulfoxide (DMSO) following the manufacturers’ 
instructions and stored in aliquots at −20°C. For each 
experiment an aliquot was diluted in saline solution (1  : 

100 dilution) to the appropriate concentration (150  µM). 
MMPIs’ inhibitory effect on protease activity exerted by 
PAO1 strain was confirmed in vitro (Supporting informa-
tion, Fig. S1).

Experimental animals

Female congenic C57BL/6J wild-type (WT) and gut-cor-
rected cystic fibrosis transmembrane conductance regulator 
(CFTR)tm1UNC (KO) mice (12  weeks old) were purchased 
from the Cystic Fibrosis Animal Core facility (San Raffaele 
Hospital, Milan, Italy). Animals were maintained under 
conventional housing conditions. Prior to use, animals were 
acclimatized for at least 5–7 days to the local vivarium 
conditions, having free access to standard rodent chow 
and tap water. Animal experiments were conducted in 
compliance with national (Legislative Decree 26/2014, 
authorization no. 953/2017-PR) and international laws and 
policies (Guide for the Care and Use of Laboratory Animals).

Reporter construct

Experimental animals were transfected with the bovine 
interleukin-8 promoter/luciferase (bIL-8-Luc) construct 
containing a luciferase gene under the control of the 
bovine IL-8 promoter (kindly provided by Professor 
Gaetano Donofrio, University of Parma, Italy) [21]. 
Competent Escherichia coli DH5α cells were transformed 
by heat shock and the plasmid was purified by Qiagen 
Plasmid Plus Mega Kit (Qiagen, cat. no. 12981; Qiagen, 
Valencia, CA, USA). Plasmid concentration and purity 
were evaluated using NanoDrop 2000c spectrophotometer 
(Thermo Fisher Scientific, Fremont, CA, USA).

In-vivo gene delivery

In-vivo JetPEI (Polyplus Transfection, cat. no. 201-50G; 
Polyplus Transfection, Illkirch-Graffenstaden, France) was 
used as carrier for delivering bIL-8-Luc construct to lung 
tissue. As previously described [22], DNA and JetPEI were 
mixed with a final nitrogen/phosphate (N/P) ratio of 7–7·5 
following the manufacturer’s instructions. Briefly, 38–42 µg 
DNA and 5·3-6·3  µl JetPEI were separately diluted in 
200  µl 5% glucose, mixed and incubated at room tem-
perature for 15 min; 400  µl of the mixture was intrave-
nously injected through the tail vein after warming the 
animals for 5  min under a heating lamp. The expression 
of the IL-8 reporter can be temporarily verified after 
transfection: activation and inactivation of the reporter 
were monitored by in-vivo bioluminescence imaging after 
24  h and 7  days, respectively. Only mice presenting a 
measurable bioluminescence (confirming expression of the 
transgene) at 24 h after transfection and no emission after 
7  days continued in the study. Bioluminescence emission 
in representative WT and KO animals at 24  h after trans-
fection is shown in Supporting information, Fig. S2.
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Bacterial preparation for lung challenge

PAO1 strain was plated onto Luria–Bertani (LB) agar and 
grown at 37°C for 24  h. A single colony was inoculated 
in LB medium and grown for 16 h at 37°C shaking. Bacteria 
were washed twice and resuspended in saline solution. 
OD600 was measured, and bacterial cells were diluted to 
the appropriate load for lung challenge. An aliquot of the 
bacterial suspension was plated on LB agar, incubated at 
37°C for 24 h and colony-forming units (CFU) were counted.

Intratracheal instillation

BIL-8-Luc transgenic mice were intratracheally challenged 
with 3–5  ×  105 PAO1 cells for development of acute lung 
infection. As previously described [22], mice were anesthe-
tized with 2·5% isoflurane and placed on an intubation 
platform, hanging by their incisor teeth. After visualization 
of the opening of the trachea using a laryngoscope, 50  µl 
of bacterial suspension were instilled by an intubation tube 
connected to a pressure control system. After 4, 24 and 
48 h, reporter activation was monitored by in-vivo imaging. 
Control non-infected mice were intratracheally instilled with 
saline solution. For evaluation of MMPI anti-inflammatory 
effect, 20  h after instillation with PAO1 cells, mice were 
intratracheally instilled with 50  µl of 150  µM Marimastat 
and Ilomastat. Four and 24  h after treatment with MMPIs 
(corresponding to 24 and 48  h after infection), reporter 
activation was monitored by in-vivo imaging. Control 
infected mice were not treated with MMPIs.

In-vivo bioluminescence imaging

Bioluminescence imaging of experimental animals was 
performed as previously described [22], using IVIS 
Spectrum imaging system (PerkinElmer, Waltham, MA, 
USA). Ten min prior to bioluminescence recording, mice 
were anesthetized with 2·5% isoflurane and intraperitoneally 
injected with 150  mg/kg D-luciferin (PerkinElmer). After 
5 min-long luminescence recording, photons emitted from 
the chest region were quantified using Living Image soft-
ware (PerkinElmer).

Lung recovery and CFU count

Mice were euthanized by cervical dislocation and lungs were 
excised, placed in 2  ml ice-cold sterile saline solution and 
homogenized. Homogenate was plated on LB agar. Plates 
were incubated at 37°C for 24  h and CFU were counted.

Bacterial growth curves

PAO1 strain was plated on LB agar plates and incubated 
at 37°C for 24  h; one to two colonies were inoculated 
in 10  ml LB medium shaking at 37°C overnight. OD600 
was measured, culture was diluted to 0·05 optical density 
(OD)/ml in 50  ml LB medium with/without Marimastat 
or Ilomastat (150  µM) and incubated at 37°C shaking. 

OD600 was measured every hour for 7  h and growth rate 
was calculated using GraphPad Prism version 7.0 software. 
After 24  h, cultures were serially diluted and plated on 
LB agar plates. Plates were incubated at 37°C for 24  h 
and CFU were counted.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 
version 7.0 software. Mice bioluminescence emission was 
analyzed by two-way analysis of variance (anova) followed 
by Dunnett’s multiple comparison test.

Results

In-vivo imaging of lung inflammation induced by acute 
infection with P. aeruginosa

To evaluate in vivo the possible anti-inflammatory effects 
associated with inhibition of proteases, we used a trans-
genic mouse model that expresses a luciferase gene under 
control of bovine IL-8 promoter allowing monitoring of 
lung inflammation by in-vivo bioluminescence imaging 
[22]. The model was previously validated for evaluating 
inflammation induced by simple proinflammatory stimuli 
such as bacterial lipopolysaccharide and culture supernatant 
[23]. Thus, we first verified that the model was suitable 
to monitor lung inflammation induced by an infectious 
process. Transgenic WT and CFTR-KO mice were intratra-
cheally challenged with P. aeruginosa PAO1 strain, and 
IL-8-dependent bioluminescence emission was monitored 
up to 48  h. Intratracheal challenge with PAO1 induced 
IL-8-dependent bioluminescence emission after 24  h in 
both WT and KO mice (Fig. 1a). The increase in the 
emission was statistically significant only in KO mice (P =  
0·043), indicating a stronger inflammatory response associ-
ated with the CF phenotype. Instillation of saline solution 
in control mice also caused a light inflammatory reaction, 
probably due to the instillation procedure itself; no dif-
ference between control WT and KO mice was observed. 
The establishment of an acute infection was confirmed 
by recovery of 1–2  ×  106 CFU/mouse from the lungs of 
both WT and KO mice at 24  h after intratracheal chal-
lenge (Fig. 1b); there was no statistically significant dif-
ference between the two mouse strains. Survival of the 
animals in the first 48  h after the challenge allowed 
monitoring of the inflammation – and evaluation of MMPIs’ 
anti-inflammatory properties  –  during this time-frame.

Local treatment with Marimastat and Ilomastat 
reduces lung inflammation in infected mice

At 20  h after intratracheal challenge with the PAO1 strain 
to allow the prior establishment of acute lung infection, 
intratracheal treatment with 150  µM protease inhibitors 
Marimastat and Ilomastat was performed. The 
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IL-8-dependent bioluminescence emission was monitored 
before treatment with protease inhibitors (20 h after infec-
tion) to verify the presence of an inflammatory condition 
and after 4 and 24  h (corresponding to 24 and 48  hours 
after infection). In both WT and KO mice with ongoing 
inflammation, as confirmed by IL-8-dependent biolumi-
nescence emission, a reduction of the bioluminescence 
signal was observed at 4  h after intratracheal treatment 
with both MMPIs (corresponding to 24  h after infection) 
in comparison to untreated, infected animals (Fig. 2). As 
shown in Fig. 2d, in KO mice Marimastat and Ilomastat 
produced a reduction of the emission by 63 and 78%, 
respectively, which was statistically significant in both cases 
(P  =  0·025 and P  =  0·001, respectively).

Reduction of inflammation in infected mice is not due 
to anti-bacterial effects

A group of mice was euthanized 4  h after treatment with 
MMPIs (corresponding to 24 h after infection) to evaluate 
the bacterial load in their lungs. No significant inhibitory 
effect was observed on the bacterial load compared to 
untreated, infected animals (Fig. 3), supporting that the 
observed anti-inflammatory effect of MMPIs is not related 
to additional anti-bacterial activity.

To further verify this hypothesis, PAO1 strain was cul-
tured in the presence of 150 µM Marimastat and Ilomastat. 
Optical density was recorded every hour to calculate the 
bacterial growth rate and cultures were plated for CFU 
count. The presence of protease inhibitors did not affect 
bacterial growth or viability compared to the untreated 
cultures (Fig. 4), confirming that the MMPIs have no 
bactericidal or bacteriostatic effects. Thus, the anti-inflam-
matory effects observed in mice are probably mainly due 
to their anti-protease activity.

Discussion

P. aeruginosa is the main airway pathogen affecting CF 
patients. Especially during early colonization, it releases a 
multitude of virulence factors that trigger the production 
of proinflammatory mediators. In particular, P. aeruginosa 
challenge of human tracheobronchial epithelial cell cultures 
is associated with IL-8 secretion [24,25]. IL-8 is a strong 
promoter of neutrophil recruitment, and its concentration 
in bronchoalveolar lavage fluid has been shown to often 
correlate with the concentration of neutrophils and their 
products [26,27]. We previously showed that the challenge 
with P. aeruginosa secreted virulence factors and lipopoly-
saccharide induces an IL-8-dependent bioluminescence 
emission from the lungs of KO and WT mice, associated 
with increased recruitment of white blood cells (WBC) 
and neutrophils, up-regulation of proinflammatory cytokines 
[IL-1β, IL-5, keratinocyte-derived chemokine (KC), IL-6, 
granulocyte–colony-stimulatory factor (G-CSF), interferon 
(IFN), macrophage inflammatory protein (MIP)-1α, tumor 
necrosis factor (TNF)-α] and lung injury characterized by 
neutrophil accumulation and alveolar wall thickening [23]. 
This IL-8-mediated inflammatory response could be reduced 
by pre-inhibiting bacterial proteases with Marimastat and 
Ilomastat [20]. However, during the P. aeruginosa infection 
the anti-protease defenses of the CF lung are most prob-
ably overwhelmed by a combination of both bacterial and 
endogenous proteases. This complex situation requires to 
be studied in an appropriate model of infection where all 
these proteolytic forces are probably contemporarily acti-
vated. To this purpose, in the present study we optimized 
a transgenic CF mouse model to perform in-vivo imaging 
of IL-8-mediated inflammation during P. aeruginosa lung 
infection. The correct experimental conditions were identi-
fied in order to develop an acute infection able to induce 

Fig. 1. Interleukin (IL)-8-dependent bioluminescence emission in wild-type (WT) and knock-out (KO) mice with PAO1 acute lung infection. (a) 
Photon emission was measured before challenge with bacteria (indicated as 0 h) and after 24 and 48 h. Photon emission is expressed as total flux (p/s). 
Each value represents the mean ± standard error of the mean (s.e.m.) of four animals (biological replicates) per group; *P < 0·05. (b) Bacterial load 
recovered from mice lungs at 24 h after intratracheal instillation with PAO1 cells. Each value represents the mean ± standard deviation (s.d.) of four 
animals (biological replicates) per group.
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IL-8-dependent bioluminescence emission as well as allow-
ing survival of the animals. In these conditions, we could 
then confirm that local treatment with Marimastat and 
Ilomastat can reduce the IL-8-mediated lung inflammation 
induced by P. aeruginosa infection by 63 and 78%, 
respectively.

We previously demonstrated that Marimastat can elicit 
a stronger anti-inflammatory action in mice challenged 
with bacterial proteases [20]; however, in the present 
study Ilomastat demonstrated a higher effect in reducing 
the IL-8-dependent bioluminescence. This difference is 
probably due to the diverse models used in the two 
studies: the previous results were based on lung chal-
lenge with bacterial exoproducts, while in the present 
study an acute infection was developed. The higher 
complexity of the infection model used here enables a 
more complete evaluation of P. aeruginosa virulence. Not 
only the secreted virulence factors, but also exotoxins 
and membrane-bound factors such as flagella, pili and 
lipopolysaccharide, play an important role in P. aerugi-
nosa pathogenicity and contribute to the induction of 
the inflammatory response characterized by excessive 
release of various host proteases. Additionally, Ilomastat 
is known as the most potent compound within the fam-
ily of the hydroxamate-based MMPIs, as it can inhibit 
a wider range of MMPs at lower concentrations compared 
to other members of this drug’s family. For instance, it 
has been reported to inhibit MMP-2, MMP-8 and 
MMP-9  –  all known to potentiate the inflammatory 
response in CF lung disease [28]  –  while Marimastat 

Fig. 2. Interleukin (IL)-8-dependent bioluminescence emission in mice with PAO1 acute lung infection treated with Marimastat and Ilomastat. 
Photon emission was measured before treatment with matrix metalloprotease inhibitors (MMPIs) (indicated as 0 h) and after 4 and 24 h. Photon 
emission is expressed as total flux (p/s) (left panels) and as folds of induction (FOI) versus baseline (right panels) in wild-type (WT) (a,b) and 
knock-out (KO) (c,d) mice. Each value represents the mean ± standard error of the mean (s.e.m.) of eight animals (biological replicates) per group; 
*P < 0·05, ***P < 0·001.

Fig. 3. Effects of protease inhibitors Marimastat and Ilomastat on 
PAO1 load in mice lungs. Bacteria were recovered from the lungs of 
wild-type (WT) and knock-out (KO) mice with PAO1 acute lung 
infection at 4 h after treatment with 150 µM Marimastat and Ilomastat 
(corresponding to 24 h after infection). Untreated infected mice were 
used as control. Each value represents the mean ± standard deviation 
(s.d.) of four animals (biological replicates) per group.
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has no activity against MMP-8 [29]. Moreover, Ilomastat 
previously showed stronger inhibition of P. aeruginosa 
proteases compared to other MMPIs such as Marimastat 
and Batimastat [20]. As both Marimastat and Ilomastat 
can inhibit bacterial and host proteases and have been 
reported to interact with host inflammatory processes, 
such as neutrophil and macrophage recruitment [30,31], 
the combination of various mechanisms  –  rather than 
a specific mechanism  –  is likely to be responsible for 
their anti-inflammatory effects. Although in this study 
we did not directly address the link between protease 
inhibition and inflammatory response, a comprehensive 
study specifically targeting this subject is needed to 
unravel the mechanisms responsible for the observed 
down-regulation of lung inflammation in response to 
treatment with MMPIs.

P. aeruginosa infection induced a significant increase 
of IL-8-dependent bioluminescence in KO mice but not 
in WT animals, differently from what was previously 
observed using bacterial exoproducts as proinflammatory 
stimulus [20]. However, in our previous work mice were 
intratracheally challenged with ×10-concentrated culture 
supernatant, probably containing a number of proteases 

and other virulence factors much higher than in a physi-
ological situation, where bacteria produce and secrete 
them during growth, as in the infectious process. The 
anti-inflammatory effect of MMPIs is better appreciated 
in KO mice, which show a higher response than WT 
animals in terms of IL-8-dependent bioluminescence 
emission caused by P. aeruginosa infection. Although 
no CF mouse model develops spontaneous lung disease, 
as confirmed by various studies reporting no significant 
differences at baseline between the lungs of WT and 
KO mice in terms of inflammatory markers [32–34], 
significant pulmonary inflammation and associated 
pathology can be induced in CFTRtm1UNC mice by mim-
icking lung infection through intranasal or intratracheal 
challenge with P. aeruginosa or other pathogens. While 
WT and CFTRtm1UNC mice have been reported to develop 
bronchopneumonia at similar levels after induced lung 
infection with P. aeruginosa, the KO mice also demon-
strated defective clearance of bacteria from the lungs 
and higher mortality [35]. Enhanced susceptibility to 
lung infection was observed already at 6–8  weeks of 
age, as reported by Sajjan and colleagues [36]. Our results 
confirm the higher degree of sensitivity to lung 

Fig. 4. Growth curves, growth rate and viability of PAO1 grown in presence of Marimastat and Ilomastat. (a) For growth curves, absorbance at 600 nm 
was measured every hour for the first 7 h. (b) Growth rate was calculated from exponential phase of growth curves. (c) Colony-forming units (CFU) 
were counted after plating serial dilutions of 24-h-long cultures. PAO1 grown without protease inhibitors was used as control. Each value represents 
the mean ± standard deviation (s.d.) of three experiments.
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infection observed in CF mice and highlight the potential 
anti-inflammatory action of MMPIs  –  particularly 
Ilomastat  –  in the CF inflammatory phenotype.

Both the acute and the chronic lung infection models 
are considered powerful tools to study the host response 
to P. aeruginosa infection. The acute infection model is 
of particular interest for the initial phases of lung infec-
tion, while the chronic infection model can more effec-
tively mimic the long-term lung situation [37]. However, 
the latter also poses technical, analytical and ethical 
challenges that had to be considered when choosing 
the most appropriate infection model for this study. 
Chronic infection is induced using bacterial cells embed-
ded within agar beads, which usually require invasive 
surgical procedures for intratracheal injection [33,38,39]. 
This implies a necessary post-surgical recovery of the 
mice and a higher risk of occurrence of clinical com-
plications that may impact the animals’ symptoms and 
even survival. Moreover, the consequently enhanced 
inflammation associated with the healing process could 
influence the susceptibility of mice to infection. 
Considering the early stage of our evaluation on the 
anti-inflammatory action of MMPIs, we opted in favor 
of a moderately invasive model still able to provide 
highly relevant information. In light of the current results 
from the acute infection model, the adoption of a chronic 
infection model will be considered for further evaluation 
of these molecules. In particular, Guilbault and colleagues 
developed a moderately invasive model of chronic lung 
infection that represents an interesting alternative to the 
previously mentioned surgical models [40]. The chronic 
infection model will probably enable study of the inflam-
matory reaction for a longer time, while our study was 
limited to the initial 48  h of the infection, when the 
inflammatory response was detectable through the IL-8-
dependent bioluminescence emission.

Together with inflammation and infection, a prolonged 
endobronchial protease activity due to local protease–anti-
protease imbalance has been observed to establish very 
early in the airways of CF patients (by the age of 1  year) 
and is sustained chronically thereafter [41]. This dysregu-
lated protease activity results in up-regulation of proin-
flammatory mediators, increased recruitment of 
inflammatory cells to the lung, impaired phagocytosis, 
increased mucin production and inactivation of important 
innate and anti-microbial proteins resulting in sustained 
inflammation and predisposition to infection [42]. In this 
scenario, inhibition of protease activity might help to 
reduce not only the infection-induced inflammation but 
also the endogenous protease-mediated damaging effects, 
especially in the setting of acute episodes such as pul-
monary exacerbations. However, long-term inhibition of 
constitutive proteases could also cause undesired effects. 
Hence, developing rational therapeutic regimens is crucial 

for the clinical administration of MMPIs. Alternatively, 
the identification and targeting of specific host/bacterial 
key proteases central to the inflammatory process may 
be sufficient to lessen the protease-mediated inflammation 
in CF airways.

In conclusion, our study showed that Marimastat and 
Ilomastat elicits anti-inflammatory effects in CF mice with 
acute P. aeruginosa lung infection. Thus, these MMPIs 
might be potential candidate molecules for the treatment 
of CF patients. In particular, local inhalable treatment 
would be preferable to avoid undesired systemic effects 
and target only the airways. To our knowledge, an inhal-
able formulation of Ilomastat has been proposed [30], 
encouraging the possibility of a future local therapy for 
CF lung disease as well as for other respiratory inflam-
matory diseases.
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Fig. S1. Protease activity in culture supernatant collected from 
PAO1 strain measured in presence of increasing concentra-
tions of MMPIs Marimastat and Ilomastat. Culture superna-
tant was collected by centrifugation after overnight growth at 
37°C in tryptic soy broth. Protease activity was determined by 
degradation of azocasein substrate and measurement of the 
azo dye absorbance at 450 nm (Sandri et al. 2018). One pro-
tease unit was calculated as the amount of enzyme producing 
an increase of 1 OD unit per minute. Protease activity is ex-
pressed as enzymatic units per ml of reaction volume (U/ml). 
Statistical analysis was performed by one-way ANOVA test 
and Dunnett’s multiple comparisons test against non-treated 
supernatant (0 µM MMPIs); **p < 0.01, ****p < 0.0001.

Fig. S2. IL-8-dependent bioluminescence emission in repre-
sentative WT and KO mice at 24 hours after transfection. The 
activation of the IL-8 reporter was verified by in vivo biolu-
minescence imaging at 24 hours after intravenous injection. 
Each point represents the bioluminescence emission of one 
animal. The mean ± SEM of representative WT (n = 8) and 
KO (n = 7) animals is shown. Photon emission is expressed 
as total flux (p/s). Statistical analysis was performed by t test.


