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Take-home message 

Disease-specific animal models and treatment regimens are essential to 

optimize anti-Pseudomonas drug testing.  

 

ABSTRACT  

Antibiotic discovery and preclinical testing are needed to combat the 

Pseudomonas aeruginosa health threat. Most frequently, antibiotic efficacy is 

tested in models of acute respiratory infection, with chronic pneumonia 

remaining largely unexplored. This approach generates serious concerns 

about the evaluation of treatment for chronically infected patients, and 

highlights the need for animal models that mimic the course of human 

disease. In this study, the efficacy of marketed antibacterials, tobramycin 

(TOB) and colistin (COL), was tested in murine models of acute and chronic 

P. aeruginosa pulmonary infection. Different administration routes -intranasal, 

aerosol or subcutaneous- and treatment schedules -soon or seven days post-

infection- were tested. In the acute infection model, aerosol and subcutaneous 

administration of TOB reduced the bacterial burden and inflammatory 

response, while intranasal treatment showed modest efficacy. COL reduced 

the bacterial burden less effectively but dampened inflammation. Mice treated 

soon after chronic infection for seven days with daily aerosol or subcutaneous 

administration of TOB showed higher and more rapid body weight recovery, 

and reduced bacterial burden and inflammation than vehicle-treated mice. 

COL-treated mice showed no improvement in body weight or change in 

inflammation. Modest bacterial burden reduction was recorded only with 

aerosol COL administration. When treatment for chronic infection was 

commenced seven days after infection, both TOB and COL failed to reduce P. 

aeruginosa burden and inflammation, or aid in recovery of body weights. Our 

findings suggest that the animal model and treatment regimen should be 

carefully chosen based on the type of infection to assess antibiotic efficacy. 

 

 

INTRODUCTION  

Worldwide, respiratory infection caused by Pseudomonas aeruginosa is one 

of the most critical healthcare burdens, with six million hospital admissions 



and over four million deaths annually [1, 2]. In persons with a weakened 

immune system, P. aeruginosa can cause acute respiratory infection leading 

to septicemia and consequent fatality. In patients with cystic fibrosis (CF) and 

non-CF bronchiectasis, chronic life-threatening P. aeruginosa infections and 

inflammation lead to a progressive deterioration of pulmonary function [3, 4]. 

Despite the use of antibiotics, the control of P. aeruginosa infection remains 

perilously fragile due to the rapid emergence of antibiotic resistance  [5-7]. 

Thus, P. aeruginosa infections represent an especially relevant therapeutic 

challenge with an urgent need for the implementation of novel antimicrobial 

agents. 

An essential prerequisite for drug development is the assessment of both 

safety and efficacy in animal models that mimic human disease. Although 

there are established guidelines that specify appropriate animal models and 

parameters relevant for assessing antibiotic safety, there is a lack of well-

accepted guidelines for efficacy testing [8, 9]. The most commonly used 

animal model for evaluating the efficacy of antimicrobial agents against P. 

aeruginosa reproduces the acute respiratory infection in immunocompetent or 

neutropenic mice [10, 11]. However, these are characterized by a rapid 

course of the disease and, while useful as acute respiratory infection models, 

they lack any characteristics of the events triggered in an established chronic 

infection. Furthermore, the use of neutropenic mice does not allow for 

assessment of the host response as a potential determinant of drug efficacy.  

Although mouse models of chronic P. aeruginosa pneumonia have been 

generated to mimic the advanced-stage of lung pathology in humans [10, 12-

15], these models are technically more complicated than acute infections and 

pose several challenges. Chronic infection in these models is usually 

established by including bacterial cells in immobilising agents where they 

appear to grow in microcolonies under microaerobic/anaerobic conditions, as 

they do in the mucus of CF patients [16]. These models present major 

challenges related to the low P. aeruginosa burden and percentage of 

infected mice weeks after infection [12]. Although they are useful in evaluating 

the impact of repeated administrations in the initiation and progression of the 

chronic infection, these models have elevated preclinical costs. Additionally, 



since they are not used systematically and specifically on the preclinical 

platform that supports antibacterial efficacy testing, their predictive value has 

not been fully established. More importantly, it is unclear whether the use of a 

chronic model of infection in antibiotic efficacy testing against P. aeruginosa is 

advantageous and necessary compared to the acute infection model. In 

addition, the impact that the route of administration and the treatment 

schedule might have in drug efficacy is largely unknown.  

In this study, we aim to define the differences between mouse models and 

treatment regimens in the efficacy of two marketed antibacterials of the 

aminoglycosides and polymyxins classes, tobramycin (TOB) and colistin 

(COL) respectively. We designed the study to: (1) evaluate treatment efficacy 

in murine models of acute and chronic P. aeruginosa respiratory infection; (2) 

determine if administration routes impact the pathogen clearance and host 

response using aerosol, intranasal and subcutaneous delivery; and (3) 

determine if different treatment schedules affect efficacy by comparing 

treatment administered soon after infection to treatment administered during 

chronic colonization.  

 

 

METHODS  

Ethics statement. Animal studies adhered to the Italian Ministry of Health 

guidelines for the use and care of experimental animals (IACUC #733 and 

#878). Research with the P. aeruginosa multidrug-resistant (MDR)-RP73 

isolate from a CF individual and storage of biological materials were approved 

by the Ethics Commission of Hannover Medical School, Germany.  

 

Bacterial strains. P. aeruginosa strains included PAO1 and MDR-RP73 

strains isolated from a CF patient’s airways. Minimum inhibitory 

concentrations (MICs) of TOB and COL were previously determined (Table 

S1) [17].  

 

Mouse model. Immunocompetent C57BL/6NCrlBR male mice (8-10 weeks, 

Charles River) were challenged with 1x10
6 colony forming units (CFUs) of the 



planktonic PAO1 strain for acute infection or 5x10
5 CFUs of the MDR-RP73 

strain embedded in agar-beads for chronic infection by intratracheal (i.t.) 

administration [12-14]. Mice were treated with TOB, COL or vehicle (water) by 

local administration using a Penn-Century MicroSprayer® Aerosoliser (p.c.), 

intranasal (i.n.) or systemic subcutaneous (s.c.) administration (Fig. 1). Body 

weight was monitored daily. Lung CFUs, and cell counts in the 

bronchoalveolar lavage fluid (BALF) were analyzed as described previously 

[13, 18, 19]. Cytokine/chemokine levels were measured in the supernatant of 

lung homogenates by Bioplex Assay (Bio-Rad). Pharmacokinetic (PK) profiles 

of TOB and COL in the lungs and plasma of P. aeruginosa-infected mice were 

evaluated by HPLC-MS/MS. Additional details in accordance with the ARRIVE 

guidelines [20] are reported in the online data supplement.  

 

Statistics. Statistical analyses were performed with GraphPad Prism using a 

two-way analysis of variance (ANOVA) with Bonferroni’s multiple comparison 

test for body weight changes and one-way ANOVA with Bonferroni’s multiple 

comparison test for the other readouts. Outlier data, identified by Grubbs’ test, 

were excluded from the analysis.  

 

 

RESULTS 

Treatment efficacy is affected by the route of administration and type of 

antibiotic in acute P. aeruginosa lung infection.  

C57BL/6NCrlBR mice were challenged with the planktonic P. aeruginosa 

PAO1 strain by i.t. inoculation to induce acute infection. Local treatment by 

p.c. or i.n. with 2 mg/kg TOB or 1 mg/kg COL and systemic treatment by s.c. 

with either 20 mg/kg TOB or 10 mg/kg COL started soon (five minutes) after 

infection (Fig. 1). TOB and COL were dosed to keep the same dose/MIC ratio 

(Table S1) and local/systemic ratio, based on previous studies [17]. A single 

dose of TOB was significantly effective at six hours post-treatment, with a 4-

log10 reduction in lung CFUs by p.c administration, and a 3-log10 reduction by 

s.c. administration ,when compared to CFUs observed with the vehicle (Fig. 

2a). It is worth noting that TOB administered either by p.c. or s.c. was able to 



completely clear the infection in at least half of the treated mice (Table S2). 

TOB displayed limited ability for bacterial clearance and low efficacy following 

i.n. administration, with a 1-log10 CFU reduction compared to CFUs observed 

with the vehicle. COL was generally less effective than TOB in reducing the 

bacterial burden (Fig. 2b). COL-treated mice showed a significantly reduced 

bacterial burden in the lungs, with a 2-log10 CFU reduction after p.c. and s.c. 

administration compared to CFUs observed with the vehicle, but complete 

clearance was not observed. No reduction in lung CFUs was observed with 

COL following i.n. administration. In summary, in acute infection, both TOB 

and COL treatments by p.c. and s.c. administration reduced bacterial burden, 

with COL being less effective than TOB. Administration by i.n. was the least 

effective of all three routes, with no demonstrable efficacy for COL. 

To interpret these results further, we examined the PK profiles of TOB and 

COL in the lungs and plasma of P. aeruginosa-infected mice. A large quantity 

of TOB was concentrated and retained in the lung following both local (p.c. or 

i.n.),  and systemic (s.c.) administration for up to 24 hours after administration 

(Fig. 2c). These data support the study design and the local/systemic ratios. 

In contrast, COL concentration in the lung was significantly higher following 

p.c. administration than with s.c. or i.n. administration (Fig. 2d). When viewed 

in relation to the decreased efficacy of TOB and COL (Fig. 2a-b), these 

findings do not support a direct correlation between efficacy (CFUs/lung) and 

drug concentration in the lung (PK). As expected, plasma concentrations of 

both TOB and COL were significantly higher with systemic (s.c.) than with 

local (p.c. or i.n.) administration (Fig. S1a, b). 

To define the effect of TOB and COL on the airway inflammatory response, 

we measured leukocyte recruitment in the BALF and cytokine/chemokine 

concentrations in lung homogenates. Six hours after acute PAO1 infection, 

mice treated with TOB by p.c. or s.c. routes had fewer total cells (Fig. 2e) 

than vehicle-treated mice, indicating a reduction in inflammation. Although 

COL was generally less effective than TOB in terms of bacterial burden 

reduction, it influenced the recruitment of leukocytes in the BALF following 

p.c. or s.c. administration (Fig. 2f). Neutrophil decreased after both TOB (Fig. 

2g) and COL (Fig. 2h) treatments via p.c. and s.c. routes but were unaffected 



by treatment via the i.n. route. Macrophages remained unchanged following 

p.c. or i.n. administration but increased after s.c. treatment with both TOB and 

COL (Fig. S2a, b). 

Cytokine/chemokine profiles showed that G-CSF and KC were consistently 

and significantly reduced in lungs of mice treated with both TOB and COL by 

p.c. and s.c. administration (Table 1). Additionally, MIP-1β and TNF-α were 

significantly reduced by both TOB and COL treatments, although to a lesser 

extent. Reduction of these cytokines/chemokines to a similar extent with both 

TOB and COL, despite COL displaying lower efficacy (CFUs/lung) than TOB, 

suggests lack of a direct correlation between the cytokine/chemokine 

response and bacterial burden. Other cytokines/chemokines that were 

affected by the type of antibiotic and route of administration included IL-1α, IL-

6, IL-12p70, GM-CSF, MCP-1, MIP-1α and RANTES.  

 

Efficacy is affected by the treatment schedule and type of antibiotic in 

chronic P. aeruginosa lung infection. 

To mimic a chronic infection similar to what is typically established in the 

lungs of CF patients, mice were i.t. inoculated with the P. aeruginosa MDR-

RP73 strain embedded in agar-beads [13]. P.c. administration with 16 mg/kg 

TOB or 1 mg/kg COL (Table S1) was started five minutes (“early” treatment; 

Fig. 3) or seven days after infection (“late” treatment; Fig. 4), and was 

repeated daily for seven administrations (Fig. 1). The doses used for s.c. 

administration were 160 mg/kg for TOB and 10 mg/kg for COL, based on 

dose/MIC ratio.  

Over the course of seven days of “early” treatment, TOB-treated mice 

exhibited significantly less loss and faster recovery of body weights than 

vehicle-treated mice (Fig. 3a). Compared to vehicle-treated mice, TOB-

treated mice showed a significant reduction in the bacterial burden, with most 

of the mice clearing the infection following either p.c. or s.c. administration 

(Fig. 3b, Table S2). TOB treatment significantly reduced total cells in the 

BALF, including neutrophils, when compared to treatment with the vehicle, 

indicating a reduction in inflammation (Fig. 3c, d). Macrophages were 



reduced in mice treated with TOB by s.c. administration (Fig. S2a). IL-1α, IL-

6, IL-12p40, IL-17A, MIP-1α, RANTES and TNF-α were significantly reduced 

by both p.c. and s.c. administration (Table 2). IL-2 and KC were significantly 

decreased, while IL-9 and IL-13 increased only with p.c. TOB administration. 

MIP-1β was significantly reduced, while IL-5 increased exclusively with s.c. 

TOB administration. Thus, when administered soon after infection, TOB was 

effective in reducing bacterial burden and inflammation in the lungs by both 

p.c. and s.c. routes in the chronic infection model. 

Over the course of seven days of “early” treatment, COL-treated mice lost and 

recovered body weights comparably to vehicle-treated mice (Fig. 3e). 

Compared to treatment with the vehicle, treatment with COL by p.c. 

administration significantly reduced the bacterial burden (Fig. 3f), while s.c. 

administration was not effective. Total and differential cell counts in the BALF 

showed a trend of reduction, which was not statistically significant for either 

administration route (Fig. 3g, h and Fig. S2b). Accordingly, only a few 

cytokines/chemokines, including IL-12p40, IL-17A, eotaxin, MIP-1α and 

RANTES, were significantly decreased following COL treatment by p.c. 

administration, while no inflammatory mediators were reduced following s.c. 

administration (Table 2). Thus, when administered soon after infection, COL 

was effective in reducing bacterial burden and few cytokines/chemokines in 

the lungs by the p.c. route, with no major effects observed with the s.c. route 

of administration in the chronic infection model. 

When treatments were started seven days after infection (“late” treatment), 

the recovery of body weights did not differ between TOB-  and vehicle-treated 

mice (Fig. 4a). TOB administered by p.c. or s.c. routes failed to reduce the 

bacterial burden (Fig. 4b) or cytokine/chemokine levels (Table 3). TOB 

administered by the p.c. route resulted in significantly higher total cells (Fig. 

4c, d), predominantly macrophages (Fig. S3a), when compared to the 

vehicle-treated mice. TOB administered by s.c route did not affect 

inflammation.  

Similar to the results obtained with “late” TOB treatment, the loss or recovery 

of body weight (Fig. 4e), the bacterial burden (Fig. 4f) and inflammatory cell 

recruitment (Fig. 4g, h, Fig. S3b) did not differ between “late” COL- and 



vehicle-treated mice. Cytokine/chemokine profiles were unchanged between 

“late” COL- and vehicle-treated mice, supporting a lack of efficacy (Table 3). 

Our results indicate that treatment by TOB and COL in the chronic infection 

model was only effective when the antibiotics were administered soon after 

infection. 

 

 

DISCUSSION 

Antibacterial efficacy is affected by the route of administration, type of 

antibiotic and infection model.  

First, we used the acute infection model established by direct i.t. 

administration of the planktonic reference strain PAO1 to evaluate the efficacy 

of the antibacterial agents, TOB and COL, delivered by local (p.c. or i.n.) or 

systemic (s.c.) routes. Our results showed that p.c. and s.c. administration of 

both TOB and COL significantly reduced the bacterial burden. In the acute 

infection model, efficacy was substantially reduced for both TOB and COL by 

i.n. administration, highlighting the difficulty of achieving efficacy of even 

potent drugs with this route. Direct instillations are preferred for local delivery 

of therapeutic agents into rodent lungs; however, i.n. administration has been 

reported to result in drug retention in the nasal cavities [21]. These 

observations are consistent with our PK data and other studies that 

demonstrated low levels of COL in the lung following i.n. administration [22]. 

In contrast, TOB rapidly reached the airways, indicating its markedly high 

penetration by i.n. administration. While the use of a conventional human-

adapted nebuliser has shown low deposition efficiency and was, therefore, 

excluded from this work [23], the aerosoliser device used for p.c. 

administration is a non-invasive aerosol delivery system that ensures a rapid 

and good spread of molecules into the airways [24]. This was supported by 

PK profiles obtained for both TOB and COL following p.c. administration. 

Bacterial burden was significantly reduced by s.c. administration of both TOB 

and COL, although lower lung penetration was observed for COL than for 

TOB. Regarding bacterial eradication, TOB treatment by p.c. and s.c. 

administration cleared P. aeruginosa in the majority of mice, while COL 



significantly reduced the bacterial burden, although complete clearance was 

not achieved. Overall, our data do not fully support any direct correlation 

between efficacy (CFUs/lung) and drug concentration in the lung (PK), raising 

the question of whether other drug features or host factors may contribute.  

Next, we used a chronic infection model established by direct i.t. 

administration of a clinical MDR-RP73 strain embedded in agar-beads. 

Compared to vehicle-treated animals, mice treated by local (p.c.) or systemic 

(s.c.) administration of TOB soon after infection (“early” treatment) exhibited 

significantly increased recovery and gain of body weight and reduced 

bacterial burden in the lung. In contrast, COL-treated mice did not exhibit 

differences in recovery and gain of body weight when compared with vehicle-

treated mice. In comparison to TOB treatment that resulted in bacterial 

clearance in most mice when administered by p.c. or s.c routes, only a 

significant but modest decrease in bacterial burden was observed with COL 

treatment by the p.c. route, while s.c. administration of COL was not effective. 

Thus, “early” treatment with TOB was effective in both the acute and chronic 

infection models, while the efficacy of COL differed in the two murine models. 

Toxicity and potential adverse effects of repeated doses may partly explain 

the results obtained in the chronic infection model for COL [25, 26]. Our 

findings suggest that the results seen upon short-term treatment in mouse 

models of acute infection may not be predictive of the efficacy of the repeated 

treatment regimen followed in chronic infections.  

Our work focused on immunocompetent C57BL/6 mice since no significant 

differences have been observed in the bacterial burden between CF and non-

CF mice in previous antibiotic testing procedures [17]. Previous data indicate 

that the efficacy of treatment is not influenced by the CF environment. 

Whereas, different bacterial strains can vary the degrees of disease severity, 

potentially impacting on antibiotic efficacy. Our animal experiments were 

performed with selected P. aeruginosa strains, PAO1 for acute infection and 

MDR-RP73 for chronic infection. This limitation is mitigated somewhat by the 

rationale behind this selection. PAO1 is the reference strain endowed with 

virulence factors most relevant for acute respiratory infections such as 

hospital-acquired pneumoniae [27, 28]. Among several CF clinical P. 



aeruginosa isolates tested,  MDR-RP73 was the most efficient in establishing 

chronic pneumonia in murine model [13, 17, 29, 30], reproducing hallmarks of 

CF and non-CF bronchiectasis.  

 

Antibiotic efficacy is affected by the treatment schedule in chronic 

infection.  

In patients with established chronic P. aeruginosa pulmonary infection, 

antibiotics generally fail to eradicate the bacterial pathogen. Thus, rather than 

eradication, treatment during advanced chronic infection focuses on 

preserving lung function with the resolution of periodic exacerbations [31]. 

When treatment was started seven days post-infection (“late” treatment) in the 

chronic infection model, no reduction in bacterial burden or inflammation, or 

weight recovery was observed with either TOB or COL. The growth of P. 

aeruginosa in biofilms, which can be observed in our mouse model during 

advanced chronic lung infection [14], may explain the antibiotic inefficacy, and 

this phenomenon represents a significant challenge in the treatment of P. 

aeruginosa.  

 

The inflammatory response does not strictly reflect changes in bacterial 

burden. 

This study extended the analysis of infection to multiple host parameters that 

included measurement of immune cells in the BALF and cytokine/chemokine 

production in the lung. Although the efficacy of TOB was greater than that of 

COL in reducing bacterial burden in the acute infection model, the 

inflammatory profile in the airways, particularly the neutrophil load, was 

reduced significantly and to a moderately greater extent by COL than by TOB. 

This may reflect the contribution of immunomodulatory effects of antibiotics to 

efficacy [32, 33] and deserves further investigation with additional model 

systems. Assessment of cytokine/chemokine profiles revealed significantly 

reduced levels of G-CSF and KC in mice treated with TOB and COL by local 

and systemic administration. Both these immune mediators are known to be 

determinants of neutrophil production, differentiation and recruitment. Their 

reduction was independent of the antibiotic and route of administration, 



suggesting that G-CSF and KC could be strong candidates for efficacy 

biomarkers. Other cytokines/chemokines were also affected by the type of 

antibiotic and route of administration. It should be pointed out that these 

differences in host response did not strictly correlate with the extent of 

bacterial burden modulation. 

In chronic pulmonary infection, when treatments were started soon after 

infection (“early” treatment), TOB was highly effective and attenuated the 

inflammatory response, particularly neutrophils, to an even greater extent than 

in the acute infection model. Concentrations of diverse cytokines/chemokines, 

such as IL-17A and IL-6, were significantly reduced with both local and 

systemic administration of TOB, suggesting a complex scenario for the host 

response. Modulation of other cytokines/chemokines was dependent on the 

route of administration. For instance, KC was significantly reduced by local 

treatment, and MIP-1β by systemic treatment. In the case of “early” treatment 

with COL, the inflammatory response in terms of cells recruited in the BALF 

was not significantly affected, and only a significant but modest reduction in 

few cytokines/chemokines was detected exclusively after local administration.  

When treatments were started late after infection (“late” treatment) in the 

chronic infection model, neither TOB nor COL could decrease the bacterial 

burden or modulate the immune response. Notably, the entire panel of 

cytokines/chemokines remained unaffected by the antibiotics, and this result 

represents a significant concern for the treatment of advanced chronic P. 

aeruginosa infection.  

 

Conclusions 

This work responds to the need for animal models, protocols and end-points 

to improve the predictive value and clinical relevance in drug testing in 

accordance with the European Respiratory Society task force 

recommendations [34]. So far, preclinical animal models do not satisfactorily 

predict the complexities of human respiratory disease, jeopardizing the 

success of drug efficacy testing. This acquires particular relevance in 

respiratory infections by P. aeruginosa, a pathogen that is notably difficult to 

treat because of its sticking adaptive abilities. Our results in a preclinical 



platform underline the importance of carefully selecting the appropriate mouse 

model and treatment regimen, for the disease under investigation, to optimize 

antibiotic testing (Fig. 5). By profiling bacterial and host responses, we 

defined multiple end-points that are critical parameters to validate the efficacy 

of anti-P. aeruginosa treatments. We showed that a combination of these 

procedures in disease-specific models might provide an enhanced link 

between preclinical testing and clinical trials. The challenge ahead is to 

improve these mouse models including additional variables such as the host 

genetic background, polymicrobial communities and the concomitant use of 

other therapies [35-37], to further reflect the complexity of human diseases. 

 

  



ACKNOWLEDGEMENTS 

The authors would like to thank Prof. B. Tümmler (Hannover Medical School, 

Hannover, Germany) for supplying the P. aeruginosa strain from a CF patient. 

We thank Chiara Bigogno, Ulla Bastrup and Giulio Dondio for PK studies 

performed by APhaD (Milano, Italy).   

 



TABLE 1. Cytokine/chemokine concentrations following acute P. aeruginosa airway infection and antibiotic treatment. 
Concentrations upon treatment with TOB (2 mg/kg p.c. and 20 mg/kg s.c.), COL (1 mg/kg p.c. and 10 mg/kg s.c.) or vehicle are 
indicated. Statistical significance is indicated, and significant differences between treatment and vehicle are highlighted in grey. 

 
Cytokine / 
Chemokine 

Concentration (mean pg/500 µg + SEM) 

Vehicle p.c. TOB p.c. Vehicle s.c. TOB s.c. Vehicle p.c. COL p.c. Vehicle s.c. COL s.c. 
IL-1α 76.65+0.40 79.00+8.43 87.51+10.76 60.14+5.34* 89.22+3.69 32.12+0.80*** 71.86+10.94 39.26+4.19** 
IL-2 6.23+4.01 6.62+0.59 5.96+0.45 5.99+0.16 6.18+0.42 6.43+0.15 6.18+0.24 6.01+0.19 
IL-3 1.49+0.17 1.20+0.06 1.33+0.14 1.23+0.07 1.30+0.05 1.27+0.09 1.19+0.07 1.09+0.07 
IL-4 3.37+0.23 2.76+0.19 3.10+0.34 2.62+0.22 2.84+0.23 2.21+0.21 2.33+0.22 2.09+0.15 
IL-5 5.76+0.62 6.77+0.67 5.53+0.42 4.46+0.17 5.30+0.18 9.69+1.43** 4.49+0.51 3.91+0.35 
IL-6 51.96+10.57 10.75+1.27* 80.74+18.29 6.30+0.80**** 95.96+19.19 8.90+0.78**** 37.55+9.90 9.70+1.02 
IL-10 11.33+1.52 10.25+1.14 9.58+0.97 9.00+0.82 9.33+0.52 9.17+0.79 8.04+0.53 7.67+0.52 
IL-12p40 31.46+1.55 30.80+5.78 36.57+3.54 27.28+2.68 27.85+2.55 19.97+0.30 28.26+2.45 22.96+2.37 
IL-12p70 25.33+2.34 18.09+1.76 28.70+3.09 18.24+1.29** 26.86+2.00 16.65+1.00*** 22.83+1.67 17.73+1.18* 
IL-17A 5.54+1.20 4.40+0.66 6.30+1.08 4.88+0.32 4.59+0.55 6.17+0.45 4.63+0.66 4.95+0.42 
Eotaxin 2036+365 1112+180* 2353+192 778+42.52*** 2197+293 1307+276 1842+297 1011+82.36* 
G-CSF 366+62.42 77.16+11.46** 516+92.23 43.44+8.56**** 586+100 38.87+1.83**** 279+49.68 52.66+8.57* 
GM-CSF 36.32+5.24 20.27+0.86* 34.34+3.62 20.10+0.64* 36.27+3.73 18.45+0.73** 25.85+3.67 18.36+1.21 
IFN-γ 26.45+0.74 28.33+2.96 25.70+1.09 26.42+0.70 25.71+2.00 24.20+0.86 23.94+1.48 26.53+3.42 
KC 1136+229 282+33.36** 1402+236 276+41.22*** 1722+201 226+82.49**** 853+145 365+34.11* 
MCP-1 942+206 368+62.05 1224+289 339+50.89** 1259+194 201+13.15**** 615+105 320+27.06 
MIP-1α 118+16.58 49.68+10.51* 153+28.71 49.52+11.41** 146+32.71 5.88+0.12*** 69.84+5.65 23.51+3.39 
MIP-1β 59.13+7.72 36.31+4.90* 67.52+6.45 36.21+3.00** 66.20+5.23 30.88+0.37*** 57.28+7.09 37.61+2.16* 
RANTES 127+12.29 85.93+13.03 129+14.42 81.00+7.62* 127+12.48 46.20+1.21**** 117+12.21 68.67+5.54** 
TNF-α 165+24.18 97.01+14.73* 180+22.34 83.42+4.56** 159+12.40 71.83+2.25*** 138+17.32 75.77+4.71** 

C57BL/6NCrlBR male mice (8 to 10 weeks old) were infected i.t. with 1x106 CFUs of planktonic PAO1 and treated with antibiotics or vehicle. Mouse lungs 
were collected after six hours, homogenized and centrifuged. The supernatants were used to measure cytokine/chemokine levels by Bio-Plex assay. Data are 
expressed as the mean values ± standard errors of the mean (SEMs) of results from mice pooled from two independent experiments (n = 4-5). Statistical 
significance, determined by one-way ANOVA with Bonferroni’s multiple comparison test, is indicated as follows: *, p<0.05; **, p<0.01; ***, p<0.001; ****, 
p<0.0001.  



TABLE 2. Cytokine/chemokine concentrations following chronic P. aeruginosa airway infection and “early” antibiotic 
treatment. Treatment was started five minutes after infection and concentrations were determined after seven days of treatment 
with TOB (16 mg/kg p.c. and 160 mg/kg s.c.), COL (1 mg/kg p.c. and 10 mg/kg s.c.) or vehicle. Statistical significance is indicated, 

and significant differences between treatment and vehicle are highlighted in grey. 
 
Cytokine / 
Chemokine 

Concentration (mean pg/500 µg + SEM) 
Vehicle p.c. TOB p.c. Vehicle s.c. TOB s.c. Vehicle p.c. COL p.c. Vehicle s.c. COL s.c. 

IL-1α 16.58+2.86 7.31+0.32** 12.48+1.95 6.34+0.47* 13.37+3.14 7.05+0.55 10.62+2.16 9.42+0.99 
IL-1β 7.07+1.07 8.90+0.74 6.34+0.41 7.94+1.07 7.60+1.12 6.72+0.78 6.06+0.24 5.10+0.42 
IL-2 4.33+0.09 7.49+0.89** 5.49+0.59 5.86+0.04 6.16+0.82 6.98+0.89 4.91+0.64 6.12+0.76 
IL-3 2.24+0.14 2.52+0.18 2.44+0.17 2.89+0.07 2.36+0.20 2.45+0.32 2.13+0.13 1.86+0.07 
IL-5 2.40+0.22 2.51+0.06 2.37+0.09 3.10+0.15** 1.90+0.28 2.41+0.42 2.30+0.16 1.86+0.10 
IL-6 4.88+0.20 3.72+0.35* 4.45+0.34 3.15+0.08* 4.38+0.43 4.01+0.56 3.54+0.16 3.88+0.10 
IL-9 16.49+0.48 19.44+1.21* 17.78+0.25 15.18+0.11 19.78+0.83 17.30+1.20 15.37+0.75 17.70+1.68 
IL-10 9.44+0.53 9.65+0.83 10.65+0.60 10.41+0.47 9.87+1.35 8.41+1.46 8.20+0.45 6.88+0.71 
IL-12p40 68.07+6.68 37.67+3.42*** 59.37+4.66 32.50+2.47** 64.00+7.71 33.56+4.20** 48.88+8.11 37.17+0.71 
IL-12p70 26.77+2.45 20.46+1.77 26.56+2.86 22.80+1.42 19.69+3.40 19.58+3.15 20.13+1.98 17.05+1.23 
IL-13 63.53+4.62 81.55+4.38* 74.97+3.83 83.52+3.25 68.18+5.55 72.57+5.84 62.75+2.25 59.91+3.96 
IL-17A 15.08+2.24 6.01+0.17** 16.82+1.37 7.60+0.82** 16.02+3.68 6.64+0.80* 11.98+0.50 11.04+1.41 
eotaxin 637+67.26 489+59.16 634+31.45 448+47.34 566+22.74 439+17.84** 534+41.19 492+27.48 
G-CSF 8.50+0.95 7.26+0.00 8.26+0.51 7.26+0.00 8.87+1.05 7.26+0.00 7.34+0.08 7.26+0.00 
GM-CSF 11.82+1.16 12.22+1.47 12.28+0.64 14.61+0.91 10.59+1.56 12.10+1.66 8.92+1.16 8.80+0.94 
IFN-γ 24.84+1.72 28.83+1.84 26.24+0.94 23.24+0.36 26.11+1.59 22.86+2.28 22.99+0.70 22.46+2.47 
KC 87.11+17.82 22.96+3.38*** 49.11+7.62 23.85+3.43 53.02+10.71 37.19+12.03 39.43+4.81 46.16+12.49 
MCP-1 150+15.00 108+12.14 123+10.31 121+9.36 121+17.53 102+19.48 119+3.88 87.91+5.63 
MIP-1α 21.19+4.72 3.32+0.30** 17.06+4.22 2.56+0.27* 15.59+5.05 2.79+0.30* 13.46+4.03 9.73+2.49 
MIP-1β 27.40+1.99 26.89+3.08 30.13+2.78 20.10+0.89* 25.59+1.04 22.49+1.34 24.24+1.56 25.19+1.37 
RANTES 324+67.69 69.49+6.66*** 234+33.58 65.56+8.55* 173+25.56 65.29+6.77* 176+31.75 147+31.85 
TNF-α 44.31+4.31 34.57+1.71* 43.25+0.31 32.25+2.79* 33.59+2.13 32.79+4.05 31.41+1.09 32.12+2.86 

C57BL/6NCrlBR male mice (8 to 10 weeks old) were infected i.t. with 5x105 CFUs of the P. aeruginosa MDR-RP73 strain embedded in agar-beads and 
treated daily with antibiotics or vehicle starting on the day of infection. Mouse lungs were collected seven days post-infection, homogenized and centrifuged. 
The supernatants were used to measure cytokine/chemokine levels by Bio-Plex assay. Data are expressed as the mean values ± standard errors of the mean 



(SEMs) of results from mice pooled from two independent experiments (n = 4-5). Statistical significance, determined by one-way ANOVA with Bonferroni’s 
multiple comparison test, is indicated as follows: *, p<0.05; **, p<0.01; ***, p<0.001. 

 

 
TABLE 3. Cytokine/chemokine concentrations following long-term chronic P. aeruginosa airway infection and “late” 
antibiotic treatment. Treatment was started seven days after infection and concentrations were determined after another seven 

days of treatment with TOB (16 mg/kg p.c. and 160 mg/kg s.c.), COL (1 mg/kg p.c. and 10 mg/kg s.c.) or vehicle. 
 
Cytokine / 
Chemokine 

Concentration (mean pg/500 µg + SEM) 
Vehicle p.c. TOB p.c. Vehicle s.c. TOB s.c. Vehicle p.c. COL p.c. Vehicle s.c. COL s.c. 

IL-1α 8.99+0.36 10.27+0.82 9.43+0.45 10.06+1.05 9.75+1.42 8.55+0.65 9.46+1.59 9.38+1.31 
IL-1β 10.00+0.59 10.64+1.21 9.59+0.79 10.91+1.46 7.67+1.01 8.67+0.49 7.52+1.02 8.78+0.34 
IL-2 9.35+0.57 9.72+0.75 8.27+0.46 9.31+1.19 6.99+0.38 7.49+0.46 6.41+0.73 7.49+0.58 
IL-3 3.49+0.16 3.55+0.24 3.54+0.31 3.71+0.30 2.69+0.06 2.41+0.14 2.66+0.31 2.51+0.11 
IL-5 3.14+0.13 3.03+0.18 2.80+0.48 3.11+0.39 2.07+0.28 1.73+0.13 1.97+0.41 1.97+0.10 
IL-6 4.00+0.22 4.40+0.09 3.67+0.12 3.99+0.32 3.83+0.29 4.26+0.49 3.66+0.23 3.89+0.29 
IL-9 23.52+1.54 25.82+1.11 21.11+1.16 21.67+1.09 25.78+3.05 25.68+1.87 20.13+2.15 18.96+2.55 
IL-10 8.38+0.29 8.88+0.88 7.92+1.14 8.74+1.11 5.42+0.09 4.96+0.27 6.49+0.85 5.01+0.22 
IL-12p40 39.70+3.41 47.98+2.46 48.51+2.99 44.41+6.32 49.13+6.01 42.23+1.70 62.52+7.26 52.31+17.13 
IL-12p70 24.39+2.27 28.76+2.99 21.45+3.02 23.51+3.02 15.95+2.49 16.90+1.22 15.48+2.43 12.58+1.60 
IL-13 71.57+2.65 80.26+4.35 72.43+4.10 73.37+6.23 54.76+1.97 55.38+1.22 57.05+4.87 56.13+0.71 
IL-17A 10.31+0.52 9.25+0.66 12.59+0.51 11.31+1.10 10.64+1.53 9.70+0.30 13.76+2.29 12.26+1.74 
eotaxin 451+20.08 482+48.88 397+20.91 394+28.88 390+43.02 406+30.62 431+32.80 437+42.23 
G-CSF 7.73+0.37 7.36+0.00 7.36+0.00 7.36+0.00 7.36+0.00 7.99+0.52 7.36+0.00 7.36+0.00 
GM-CSF 12.57+1.09 12.30+0.23 9.40+1.04 12.39+1.73 7.01+0.89 6.01+0.50 6.63+1.46 3.82+0.18 
IFN-γ 34.24+1.36 38.43+1.71 30.13+1.81 32.32+2.49 30.56+2.77 30.54+1.47 27.06+2.51 25.84+1.51 
KC 33.99+4.66 31.75+5.09 26.09+2.53 23.63+2.23 68.44+28.38 56.86+11.86 25.93+3.22 26.60+2.28 
MCP-1 139+7.78 152+19.78 129+11.02 128+6.85 137+25.13 134+16.77 112+5.99 120+7.68 
MIP-1α 2.83+0.46 4.64+0.77 4.74+0.68 3.49+0.54 5.05+1.67 3.63+0.48 5.66+1.49 3.19+0.09 
MIP-1β 25.51+1.33 28.58+1.10 24.45+0.91 25.58+1.81 22.17+1.03 23.87+0.58 21.56+1.17 19.22+1.56 
RANTES 76.33+6.34 75.65+3.13 75.11+4.74 77.92+7.76 90.31+18.13 80.08+10.75 105+9.44 82.78+8.23 
TNF-α 54.38+4.27 59.62+2.66 50.12+2.79 51.15+4.00 43.25+2.65 41.37+2.76 41.84+1.98 39.16+2.33 



C57BL/6NCrlBR male mice (8 to 10 weeks old) were infected i.t. with 5x105 CFUs of the P. aeruginosa MDR-RP73 strain embedded in agar-beads and 
treated daily with antibiotics or vehicle starting at seven days post-infection. Mouse lungs were collected 14 days post-infection, homogenized and 
centrifuged. The supernatants were used to measure cytokine/chemokine levels by Bio-Plex assay. Data are expressed as the mean values ± standard errors 
of the mean (SEMs) of results from mice pooled from one to two independent experiments (n = 4-5). No statistically significant differences (one-way ANOVA 
with Bonferroni’s multiple comparison test) were found between antibiotics and their respective vehicle.  



FIGURES 

Fig. 1. A schematic representation of the antibiotic treatment schedule 

and analysis in murine models of acute and chronic P. aeruginosa 

infection. At day 0, mice were infected with P. aeruginosa planktonic cells to 

mimic acute infection or with P. aeruginosa embedded in agar-beads to 

achieve long-term chronic infection. In the acute infection model, the 

treatment schedule used with the antibiotics was a single dose administered 

five minutes after infection by aerosol (p.c.), intranasal (i.n.) or subcutaneous 

(s.c.) routes. In the chronic infection model, the treatment started five minutes 

(“early” treatment) or seven days after infection (“late” treatment), with 

repeated daily doses for seven days. Read-outs of the disease progression 

were body weights changes, CFUs, total and differential cells, and 

cytokines/chemokines assayed at the time of sacrifice (at six hours for acute 

infection or after seven days of treatment for chronic infection). 

Fig. 2. Efficacy and pharmacokinetics of tobramycin (TOB) and colistin 

(COL) in a mouse model of acute P. aeruginosa airway infection. 

C57BL/6 male mice (8 to 10 weeks of age) were infected intratracheally with 

1x106 CFUs of planktonic PAO1. Five minutes after infection, 2 mg/kg TOB, 1 

mg/kg COL or vehicle was administered via the p.c. or i.n. route. Alternatively, 

20 mg/kg TOB, 10 mg/kg COL or vehicle was administered via the s.c. route. 

After six hours, the mice were sacrificed, bronchoalveolar lavage fluid (BALF) 

was collected, and the lungs were excised, homogenized and plated on tryptic 

soy agar to determine the bacterial burden. For pharmacokinetics analysis, 

mice were sacrificed five minutes, six and 24 hours after treatment, and the 

concentration of antibiotics was measured in the lung and plasma (Fig. S1). 

Each dot represents CFUs/lung from one mouse, and horizontal lines 

represent the median values (a and b). Data indicate TOB and COL 

concentrations in the lung (c and d). The limits of quantification (LOQs) are 

indicated. Total cell (e and f) and neutrophil (g and h) counts were performed 

in BALF. Data are represented as the mean values ± standard errors of the 

mean (SEMs). The data were pooled from two independent experiments (n=7-



8 for efficacy, and n=4-8 for pharmacokinetics). Statistical significance is 

indicated as follows: *, p<0.05; **, p<0.01; ****, p<0.0001. 

Fig. 3. Efficacy of “early” treatment with tobramycin (TOB) and colistin 

(COL) against P. aeruginosa MDR-RP73 in a murine model of chronic 

lung infection. C57BL/6 male mice (8 to 10 weeks of age) were infected with 

5x105 CFUs of MDR-RP73 embedded in agar-beads by intratracheal 

inoculation. Treatment was started five minutes after infection and was 

administered daily for seven days by p.c. with vehicle, TOB (16 mg/kg) or 

COL (1 mg/kg) or by s.c. administration with vehicle, TOB (160 mg/kg) or COL 

(10 mg/kg). Before each administration, mice were weighed, and any changes 

from the initial body weight were averaged for each group of mice (a and e). 

Data are represented as the mean values ± standard errors of the mean 

(SEMs). At day seven post-infection, mice were sacrificed, broncoalveolar 

lavage fluid (BALF) was collected and lungs were excised, homogenized, and 

plated onto tryptic soy agar to determine the bacterial burden (b and f). Each 

dot represents CFUs/lung data from one mouse, and horizontal lines 

represent the median values. Counts of total number of cells (c and g) and 

neutrophils (d and h) were performed in BALF. Data are represented as the 

mean values ± SEMs. The data were pooled from two independent 

experiments (n=11-16). Statistical significance is indicated as follows: *, 

p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. 

Fig. 4. Efficacy of “late” treatment with tobramycin (TOB) and colistin 

(COL) against P. aeruginosa MDR-RP73 in a murine model of chronic 

lung infection. C57BL/6 male mice (8 to 10 weeks of age) were infected with 

5x105 CFUs of MDR-RP73 embedded in agar-beads by intratracheal 

inoculation. Treatment was started seven days post-infection and was 

administered daily for another seven days by p.c. with vehicle, TOB (16 

mg/kg) or COL (1 mg/kg) or by s.c. with vehicle, TOB (160 mg/kg) or COL (10 

mg/kg). Before each administration, mice were weighed, and any changes 

from the initial body weight were averaged for each group of mice (a and e). 

Data are represented as mean values ± standard errors of the mean (SEMs). 

Seven days after the beginning of treatment, which is a total of fourteen days 



after infection, the mice were sacrificed, BALF was collected and lungs were 

excised, homogenized, and plated onto tryptic soy agar to determine the 

bacterial burden (b and f). Each dot represents CFUs/lung data from one 

mouse, and horizontal lines represent the median values. Total cell numbers 

(c and g) and neutrophils (d and h) were counted in broncoalveolar lavage 

fluid (BALF). Data are represented as the mean values ± SEMs. The data are 

pooled from one to two independent experiments (n=5-14). Statistical 

significance is indicated as follows: **, p<0.01. 

Fig. 5. Roadmap of antibacterial efficacy testing in mouse models of 

respiratory infection. The preclinical platform for antibacterial efficacy testing 

includes acute and chronic infection models and different treatment regimens. 

Multiple end-points, including profiling of bacterial and host responses, are 

critical parameters to validate the efficacy of anti-P. aeruginosa treatment.  
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SUPPLEMENTARY METHODS 

 

Mouse model. Immunocompetent C57BL/6NCrlBR male mice (8-10 weeks of age) were 

purchased from Charles River (Calco, Italy), shipped in protective, filtered containers, 

transported in climate-controlled trucks, and allowed to acclimatize for at least two days in 

the stabulary prior to use. Mice were maintained in the biosafety level 3 (BSL3) facility at 

San Raffaele Scientific Institute (Milano, Italia) where 3-5 mice per cage were housed. 

Mice were maintained in sterile ventilated cages. Mice were fed with standard rodent 

autoclaved chow (VRFI, Special Diets Services, UK) and autoclaved tap water. 

Fluorescent lights were cycled 12h on, 12h off, and ambient temperature (23±1°C) and 

relative humidity (40-60%) were regulated.  

For infection experiments, mice were anesthetized by an intraperitoneal injection of a 

solution of Avertin (2,2,2- tribromethanol, 97%) in 0.9% NaCl and administered at a 

volume of 0.015 ml/g body weight. Mice were placed in supine position. The trachea was 

directly visualised by ventral midline, exposed and intubated with a sterile, flexible 22-g 

cannula attached to a 1 ml syringe. An inoculum of 60 μl of planktonic bacterial cells or 50 

μl of agar-bead suspension was implanted via the cannula into the lung. After inoculation, 

all incisions were closed by suture.  

Mice were monitored daily for coat quality, posture, attitude, ambulation, hydration status 

and body weight. Mice that lost >20% body weight and had evidence of severe clinical 

disease, such as scruffy coat, inactivity, loss of appetite, poor locomotion, or painful 

posture, were sacrificed before the termination of the experiments with an overdose of 

carbon dioxide. Gross lung pathology was noted. 

Broncho alveolar lavage fluid (BALF) was extracted with a 22-gauge venous catheter, 

ligated to the trachea to prevent backflow. The lungs were washed with three one ml of 

RPMI-1640 (Euroclone) with protease inhibitors (Complete tablets, Roche Diagnostic) and 

pooled. Quantitative bacteriology on BALF was performed by plating serial dilution on 

tryptic soy agar (TSA). Total cells present in the BALF were counted using an inverted light 

optical microscope after diluting an aliquot of the BALF 1:2 with Tuerk solution in a 

disposable counting chamber. BALF cells were centrifuged at 330 x g for 8 min at 4°C. If 

the pellet was red, erythrocytes were lysed by resuspending the pellet in 250- 300 µl of 

RBC lysis buffer diluted 1:10 in ultra-pure distilled water for 3 min. Then, 2-3 ml PBS were 

added and cells were centrifuged at 330 x g for 8 min at 4°C. The pellet was resuspended 

in RPMI 1640 10% fetal bovine serum (FBS) at concentration of 1x106 cells/ml, and an 



aliquot of 170 µl was pipetted into the appropriate wells of the cytospin and centrifuged at 

300 x g for 5 min medium brake. Slides were then stained by Diff-Quik staining using a 

commercial kit (Medion Diagnostics, code: 726443), according to the manufacturer’s 

instructions. A differential cell count was performed at an inverted light optical microscope.  

Lungs were excised aseptically and homogenized in 2 ml PBS added with protease 

inhibitors using the homogenizer gentleMACSTM Octo Dissociator. One-hundred μl of the 

homogenates and 10-fold serial dilutions were spotted onto tryptic soy agar (TSA). Colony 

Forming Units (CFUs) were determined after overnight growth at 37°C.  

Infections, treatments and sacrifices in the chronic infection models were all performed in 

the late morning, while the sacrifices in the acute infection model were performed in the 

late afternoon. In addition, in all the experiments, mice had been subdivided according to 

the body weight to have similar mean in all the groups of treatment. 

Animal studies were conducted according to protocols approved by San Raffaele Scientific 

Institute (Milan, Italy) Institutional Animal Care and Use Committee (IACUC #733 and 

#878) and adhered strictly to the Italian Ministry of Health guidelines for the use and care 

of experimental animals. 

 

Bacteria preparation for acute infection. An aliquot of P. aeruginosa PAO1 reference 

strain from glycerol stocks was streaked for isolation on TSA and incubated at 37°C O/N. 

Bacterial glycerol stocks were not used more than three times to avoid variability in the 

animal experiments. One colony was picked from the plate and used to inoculate 5 ml of 

tryptic soy broth (TSB) (BD, Becton and Dickinson) and placed in a shaking incubator at 

37°C 200 rpm O/N. The O/N bacterial suspension was diluted to 0.1 OD/ml in 20 ml of 

TSB / flask and grown for 3 h at 37°C at 200rpm, to reach the log phase [1, 2]. The 

bacteria were pelleted by centrifugation (2,700 g, 15 min, 4°C), resuspended in sterile 

phosphate-buffered saline (PBS) and diluted to give the required dose in 60 µl (1x106 

CFUs). Mice were anaesthetized by intraperitoneal injection as described before, then 

infected intratracheally (i.t.) with P. aeruginosa (planktonic form).  

 

Agar-beads preparation for chronic infection. The agar-beads P. aeruginosa mouse 

model was used [2-4]. An aliquot of P. aeruginosa MDR-RP73 clinical strain from glycerol 

stocks was streaked for isolation on TSA and incubated at 37°C O/N. One colony was 

picked from the plate and used to inoculate 10 ml of TSB and placed in a shaking 

incubator at 37°C 200 rpm O/N. The O/N bacterial suspension was diluted to 0.15 OD/ml 



in 20 ml of TSB / flask and grown for 4 h at 37°C at 200rpm, to reach the log phase. The 

bacteria were pelleted by centrifugation (2,700 g, 15 min, 4°C) and resuspended in 1 ml 

PBS (pH 7.4). A starting amount of 2 x10
9 

CFUs of P. aeruginosa was used for inclusion in 

the agar-beads prepared according to the previously described method [2-4]. Bacteria 

were added to 9 ml of 1.5% TSA (w/v), prewarmed to 50°C. This mixture was pipetted 

forcefully into 150 ml heavy mineral oil at 50°C and stirred rapidly with a magnetic stirring 

bar for 6 min at room temperature, followed by cooling at 4°C with continuous slowly 

stirring for 20 min. The oil-agar mixture was centrifuged at 4,000 rpm for 15 min to 

sediment the beads, and washed six times in PBS. The size of the beads was verif ied 

microscopically and only those preparations containing beads of 100 μm to 200 μm in 

diameter were used as inoculum for animal experiments. The number of P. aeruginosa 

CFUs in the beads was determined by plating serial dilutions of the homogenized bacteria-

bead suspension on TSA plates. The inoculum was prepared by diluting the bead 

suspension with PBS to 1x10
7 

CFUs/ml, to inoculate about 5x105 CFU/50μl. P. aeruginosa 

beads were prepared the day before inoculation, stored overnight at 4°C for a maximum of 

two days. The number of P. aeruginosa CFUs in the beads inoculated was determined by 

plating serial dilutions of the homogenized bacteria-bead suspension at the day of the 

infection. 

 

Mice treatment with antibiotics. Tobramycin (TOB, code: T1783, Sigma-Aldrich) and 

colistin (COL, sulphate salt, code: C4461, Sigma-Aldrich) powders were dissolved in water 

for injection for stock solutions. For efficacy experiments, animals were separated into six 

groups for acute infection and four groups for chronic infection, with three routes of 

administration studied in an acute model and two routes of administration studied in 

chronic model.  

TOB and COL therapy was initiated five minutes (“early treatment) or seven days after the 

infection in the case of “late” treatment during chronic infection, and was repeated once a 

day for seven days in the chronic infection models. Mice were treated with TOB, COL or 

vehicle (water) either by local administration using Penn-Century MicroSprayer® 

Aerosoliser (p.c., volume: 50 μl) or intranasal (i.n., volume: 10μl/nostril) or systemic 

subcutaneous (s.c., volume: 100μl) administration according to the schedule in Fig. 1 

(stock solutions: TOB p.c. 0.88mg/ml, i.n. 2.2mg/ml and s.c. 4.4mg/ml for acute infection; 

TOB p.c. 7.04mg/ml, i.n. 17.6mg/ml and s.c. 35.2mg/ml for chronic infection; COL p.c. 



0.44mg/ml, i.n. 1.1mg/ml and s.c. 2.2mg/ml for both acute and chronic infections). 

Endotracheal administration with p.c. was carried out under 5% isoflurane–oxygen. At 

different time points, mice were humanely euthanized to determine efficacy of treatment 

unless the welfare of the animals necessitated earlier termination, in accordance with 

animal welfare regulations. 

 

Pharmacokinetics measurements. Mice were infected with planktonic bacteria and, five 

minutes after, TOB and COL were administered by systemic or local delivery. At specific 

time-points, after euthanasia, the diaphragm was cut with exposure of the lungs. Blood 

was recovered by cardiac puncture in K3-EDTA tubes. Plasma was separated by 

centrifugation and stored at -80°C. Lungs were recovered in 2ml PBS, homogenized as 

described above and stored at -80°C. For TOB PK, a solution of 10% TCA in 1/1 water 

ACN with 50ng/mL Antypirine was used as precipitating agent. 200µl of cold precipitation 

agent were added to the plasma or homogenate samples (50µl). Samples were vortexed 

and centrifuged for 15min at 5°C. Supernatant was transferred into a 96 plate and 

analyzed on a HPLC Shimadzu LC20 coupled with an API 4500 Triple Quadrupole 

ABSciex with an ESI source. The column was a Kinetex C18 2,6µm, 100A 75*3mm at 

35°C ( Phenomenex); mobile phases 0.025%HFBA in water (A) and Acetonitrile (B) with a 

gradient from 0.5min at 98% A to 5% A at 2.5min and isocratic mode at 5% A until 4min at 

400μl/min. TOB MRM transitions: 468/163.3 Da Dwell time 150msec DP 60 volts, CE 30 

volts; Antipyrine 189.2/77.1 Da Dwell time 150ms DP 36 volts CE 42 volts. Analytical 

range plasma 1 - 1000 ng/mL and 5 -2000ng/mL in lung homogenate. 

For COL PK, samples were prepared as previously described for TOB with 150 µl of 

precipitating agent 10% TCA in 1/1 water/ACN. Column was a Kinetex XB C18 5µm, 100A 

50*2.1 mm (Phenomenex) at 35°C; mobile phases 0.1% Formic acid in water (A) and 

0.1% Formic acid in Acetonitrile (B) with a gradient from 98% A at 0.5min to 40% A in 5 

min then to 5% A at 6min and isocratic mode at 5 % until 6.5min at 300μl/min. COL MRM 

transitions: 386.1/ 101.1 Da, Dwell time 150msec DP 65 volts, CE 22 volts. Analytical 

range 1-1000 ng/mL in plasma and from 10 to 2000 ng/mL in lung homogenate.  

  



TABLES 

 

 

Table S1. In vitro activity of tobramycin (TOB) and colistin (COL) against PAO1 and 

MDR-RP73 P. aeruginosa strains. MIC values (μg/mL) were determined by the 

microdilution method in cation-adjusted Müller-Hinton (MH-II) broth, according to the CLSI 

guidelines [5]. Doses for TOB and COL for efficacy in animal models were adjusted 

according to MICs. The ratio between local and systemic doses was 1:10 [6]. 

 

Strain 
TOB 
MIC 

Route of administration  
and dose 

COL 
MIC 

Route of administration 
and dose 

Local Systemic Local Systemic 

PAO1 0.25 2 mg/kg 20 mg/kg 0.125 1 mg/kg 10 mg/kg 

MDR-RP73 2 16 mg/kg 160 mg/kg 0.125 1 mg/kg 10 mg/kg 



 

Table S2. Bacterial load and incidence of bacterial clearance upon tobramycin (TOB) and colistin (COL) treatment in murine 
models of acute and chronic P. aeruginosa lung infection. 
 

 
Infection 
model / 

Treatment 
schedule 

Administration 
Route 

CFUsa % of clearanceb 

Vehicle TOB Vehicle COL Vehicle TOB Vehicle COL 

A
c
u
te

 

p.c. 7.1x103  1  4.6x104  1.8x102  0  67  0  0  

i.n. 2.1x104  4.1x103  4.9x103  8.0x103  0  12  0  0  

s.c. 2.1x104  3.3 x101  7.8x103  2.0x102  0  50  0  0  

C
h
ro

n
ic

 
/ 

e
a
rl
y
 

p.c. 4.0x103  1  1.0x103  1.3x102  0  80  10  36  

s.c. 4.3x103  0  2.8x103  1.3x103  0  100  8  0  

C
h
ro

n
ic

 
/ 

la
te

 p.c. 2.0x103  1.5x103  1.8x103  1.3x103  9  25  0  17  

s.c. 8.8x103  4.5x103  8.9x103  4.0x103  0  8  0  0  

 
 
a Data represent median values of lung CFUs in mice  
b Incidence of bacterial clearance  
 



FIGURES 
 
 

 
 

Supplementary Fig. S1. Pharmacokinetics of tobramycin (TOB) and colistin (COL) in 

murine plasma during acute P. aeruginosa airway infection. C57BL/6NCrlBR male 

mice (8 to 10 weeks of age) were infected intratracheally with 1x106 CFUs of planktonic 

PAO1. Five minutes after infection, 2 mg/kg TOB (a), 1 mg/kg COL (b) or vehicle was 

administered via the aerosol (p.c.) or intranasal (i.n.) route. Alternatively, 20 mg/kg TOB 

(a), 10 mg/kg COL (b) or vehicle was administered via the subcutaneous (s.c.) route. The 

mice were sacrificed five min, six and 24 hours after treatment and the concentration of 

antibiotics was measured in the plasma. Data represent mean values + standard errors of 

the mean (SEMs). The limits of quantification are indicated (LOQs). The data were pooled 

from two independent experiments (n=4-8). Statistical significance is indicated as follows: 

**, P<0.05; ** P<0.01; ****, P<0.0001. 

 

 

  



 

Supplementary Fig. S2. Murine macrophages after tobramycin (TOB) and colistin 

(COL) treatment in acute P. aeruginosa airway infection. C57BL/6NCrlBR male mice 

(8 to 10 weeks of age) were infected intratracheally with 1x106 CFUs of planktonic PAO1. 

Five minutes after infection, 2 mg/kg TOB (a), 1 mg/kg COL (b) or vehicle was 

administered via the aerosol (p.c.) or intranasal (i.n.) route. Alternatively, 20 mg/kg TOB 

(a), 10 mg/kg COL (b) or vehicle was administered via the subcutaneous (s.c.) route. The 

mice were sacrificed after six hours and the bronchoalveolar lavage fluid (BALF) was 

collected. Macrophage counts were performed in BALF. Data represent the mean values + 

SEMs. The data were pooled from two independent experiments (n=7-8). Statistical 

significance is indicated as follows: *, P<0.05. 

 

 

Supplementary Fig. S3. Murine macrophages after “early” treatment with 

tobramycin (TOB) and colistin (COL) during chronic P. aeruginosa airway infection. 

C57BL/6NCrlBR male mice (8 to 10 weeks of age) were infected with 5x105 CFUs of 

MDR-RP73, embedded in agar-beads, by intratracheal inoculation. Treatment, started five 

minutes after infection, was performed daily for seven days by aerosol (p.c.) with vehicle, 

16 mg/kg TOB (a) or 1 mg/kg COL (b) or by subcutaneous (s.c.) administration with 



vehicle, 160 mg/kg TOB (a) or 10 mg/kg COL (b). The mice were sacrificed at day seven 

post-infection and the bronchoalveolar lavage fluid (BALF) was collected. Macrophage 

counts were performed in BALF. Data represent the mean values + SEMs. The data were 

pooled from two independent experiments (n=11-16). Statistical significance is indicated 

as follows: ****, P<0.0001. 

 

 

 

Supplementary Fig. S4. Murine macrophages after “late” treatment with tobramycin 

(TOB) and colistin (COL) during chronic P. aeruginosa airway infection. 

C57BL/6NCrlBR male mice (8 to 10 weeks of age) were infected with 5x105 CFUs of 

MDR-RP73, embedded in agar-beads, by intratracheal inoculation. Treatment, started 

seven days post-infection, was performed daily for another seven days by aerosol (p.c.) 

with vehicle, 16 mg/kg TOB (a) or 1 mg/kg COL (b) or by subcutaneous (s.c.) 

administration with vehicle, 160 mg/kg TOB (a) or 10 mg/kg COL (b). Seven days after the 

beginning of treatment, which is a total of fourteen days after infection, the mice were 

sacrificed and the bronchoalveolar lavage fluid (BALF) was collected. Macrophage counts 

were performed in BALF. Data represent the mean values + SEMs. The data were pooled 

from one to two experiments (n=5-14). Statistical significance is indicated as follows: ***, 

P<0.001.  
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