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§ Servizi offerti da CFaCore

§ Scelta, gestione e costi topi FC

§ Modelli murini di infezione e valutazione di efficacia

§ Accesso al servizio

§ Validazione del modello CFaCore in studi di efficacia terapeutica 
per antibiotici noti

Agenda webinar CFaCore 
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Pre-clinical research to accelerate new strategies for the treatment of CF.

Infrastructure (stabulary and BSL2) and expertise in animal models
for CF are not available in single research centre.
High costs for maintaining CF colony in individual research center.

Myself and three collaborators (Ida De Fino, Alice Rossi and Davide
Gugliandolo) with unique expertise in maintaining CF colonies and
modeling infectious disease.

In Milan at OSR, with financial support of FFC

Running since 2009
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Phase 1
BASIC RESEARCH

Phase 2
PRE-CLINICAL RESEARCH

Phase 3
CLINICAL RESEARCH

MODELS OF CF DISEASE
SPECIAL INFRASTRUCTURES

KNOW-HOW FOR TESTING NOVEL DRUGS



Te
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Livello I

Livello III

Livello II

DISTRIBUZIONE DI TOPI FC

FORNITURA DI TRATTAMENTI SPECIALIZZATI IN ANIMALI
• Attività descritta al Livello I
• Richiesta al comitato etico
• Modello di infezione acuta o cronica/ infiammazione
• Trattamenti farmacologici
• Monitoraggio del benessere animale 
• Sacrificio e raccolta campioni biologici

RICERCATORE

ESECUZIONE DEL PROGETTO DI RICERCA
• Attività descritte al Livello II
• Processamento ed analisi di campioni biologici 
• Analisi statistica

Topo FC

Campione biologico

Risultati

Servizi offerti ai ricercatori FFC



Livello I DISTRIBUZIONE DI TOPI FC

RICERCATORE

Topo FC

Servizi offerti ai ricercatori FFC



CF mice/Level I
Ida De Fino

7

Services/Level II
Alice Rossi          Davide Gugliandolo

Staff



Cohorts of CF mice

CFTRtm1UNC 1992
University North Carolina

CFTRtm1KTH 1995
University Iowa

CFTRtm1BAY 1993
Baylor College, Huston

CFTRtm3BAY1993
University of Huston

CFTRtm1EUR 1995
Erasmus University

CFTRtm1HGU 1992
CFTRtm2HGU 2002

Western General Hospital
Edinburgh

CFTRtm1HSC1996
University of Toronto

CFTRtm1G551D 1996
University of Queensland

CFTRtm1CAM 1993
CFTRtm2CAM 1995

University of 
Cambridge

CFTR-null

Other mutations
CFTR ΔF508



Cohorts of CF mice

CFTRtm1UNC 1992
University North Carolina

CFTRtm1KTH 1995
University Iowa

CFTRtm1BAY 1993
Baylor College, Huston

CFTRtm3BAY1993
University of Huston

CFTRtm1EUR 1995
Erasmus University

CFTRtm1HGU 1992
CFTRtm2HGU 2002

Western General Hospital
Edinburgh

CFTRtm1HSC1996
University of Toronto

CFTRtm1G551D 1996
University of Queensland

CFTRtm1CAM 1993
CFTRtm2CAM 1995

University of 
Cambridge

CFTR-null

Other mutations
CFTR ΔF508



Modelli animali di fibrosi cistica /Livello 1 -
Topi CF

§ Topo knock-out: C57BL/6 Cftr tm1Unc TgN(FABPCFTR) (Snouwaert, 1992; Zhou, 1994)
Cftr exon 10 replacement (S489X)/ FABPhCFTR insertion

• Background strain: C57BL/6J inbred
• Respiratory system phenotype: abnormal nasal potential difference / 

inflammatory response / infection clearance
• Gut phenotype: normal
• Alimentary phenotype: normal
• Lethality-postnatal: normal

Action on the colony:
• Genotyping by PCR
• Sanitary control
• Rederivation in the year 2009 for SPF profile
• Backcross over the years 2014, 2017, 2019 to avoid genetic drift

Collaborators: Tracey Bonfield / Craig 
Hodges/ Mitchell Drumm
Case Western Reserve University / CF 
Core Center Animal Core, Cleveland, OH



Modelli animali di fibrosi cistica /Livello 1 -
Topi CF
Topo deltaF508: C57Bl/6 Cftr^tm1Kth (Zheier et al, 1995) 

Cftr exon 10 replacement deltaF508

• Background strain: C57BL/6J inbred
• Gut phenotype: obstruction
• Respiratory system phenotype: abnormal nasal potential difference / 

inflammatory response / infection clearance
• Alimentary phenotype: normal + laxative
• Lethality-postnatal: high mortality pre and post-wearing

Action on the colony:
• Genotyping by PCR
• Sanitary control 
• Rederivation in the year 2016 for SPF profile

Collaborators: Tracey Bonfield / Craig 
Hodges/ Mitchell Drumm
Case Western Reserve University / CF 
Core Center Animal Core, Cleveland, OH
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Colonia topi C57BL/6 Cftr tm1Unc TgN(FABPCFTR)
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HOLDING CAGES
Breeding cages /month: 28

WT mice /month: 20
HE/month: 46
KO/month: 14

Holding cages: 53



Vantaggi colonia topi CF centralizzata

• Disponibilità di una colonia CF sul territorio nazionale per uso 
preferenziale dei ricercatori FC

• Esperienza sviluppata nel mantenimento della colonia CF

• Servizio centralizzato con contenimento dei costi
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Costi
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Livello III

Livello II

DISTRIBUZIONE DI TOPI FC

FORNITURA DI TRATTAMENTI SPECIALIZZATI IN ANIMALI
• Attività descritta al Livello I
• Richiesta al comitato etico
• Modello di infezione acuta o cronica/ infiammazione
• Trattamenti farmacologici
• Monitoraggio del benessere animale 
• Sacrificio e raccolta campioni biologici

RICERCATORE

ESECUZIONE DEL PROGETTO DI RICERCA
• Attività descritte al Livello II
• Processamento ed analisi di campioni biologici 
• Analisi statistica

Campione biologico

Risultati

Servizi offerti ai ricercatori FFC



CF mice/Level I
Ida De Fino
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Modelli murini di infezione acuta e cronica per mimare 
diverse fasi di infezione in pazienti FC

BIRTH DEATH

CF diagnosed First ever 
infection

Intermittent
infection

Chronic colonization

Potential exacerbations

adapted Pa strains
environmental Pa strains



Modelli murini di infezione acuta e cronica per mimare 
diverse fasi di infezione in pazienti FC

BIRTH DEATH

CF diagnosed First ever 
infection

Intermittent
infection

Chronic colonization

Potential exacerbations

adapted Pa strains
environmental Pa strains

Bragonzi, JID 2014 and additional 72 pubblications



ACUTE INFECTION BY PLANKTONIC CELLS

CHRONIC INFECTION BY AGAR BEADS

Modelli murini di infezione acuta e cronica per mimare 
diverse fasi di infezione in pazienti FC

Facchini, Jove 2014 

Drug treatment chronic infection

Drug treatment acute infection



Modelli murini di infezione cronica con ceppi batterici 
di riferimento e clinici (P. aeruginosa)

Facchini, Jove 2005 



Patologia polmonare dopo infezione da P. aeruginosa 
a lungo termine
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• stable infection and inflammation
• epithelial hyperplasia and structure degeneration

• goblet cells metaplasia
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CF

analysed as described previously [13, 18, 19]. Cytokine/chemokine levels were measured in the supernatant
of lung homogenates by Bioplex Assay (Bio-Rad Laboratories, Segrate, Italy). Pharmacokinetic (PK)
profiles of TOB and COL in the lungs and plasma of P. aeruginosa-infected mice were evaluated by
high-performance liquid chromatography–tandem mass spectrometry. Additional details in accordance
with the Animal Research: Reporting of In Vivo Experiments guidelines [20] are reported in the
supplementary material.

Statistics
Statistical analyses were performed with GraphPad Prism (GraphPad Software, Inc., San Diego, CA, USA)
using a two-way 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 intratracheal
inoculation to induce acute infection. Local treatment via the aero or i.n. route with 2 mg·kg−1 TOB or
1 mg·kg−1 COL and systemic treatment via the s.c. route with 20 mg·kg−1 TOB or 10 mg·kg−1 COL started
soon (5 min) after infection (figure 1). TOB and COL were dosed to keep the same dose to MIC ratio
(supplementary table S1) and local to systemic ratio, based on previous studies [17]. A single dose of TOB
was significantly effective at 6 h post-treatment, with a 4-log10 reduction in lung CFUs on aero

Subcutaneous

Aerosol

Intranasal

"Early" treatment

14 d

Cytokines/chemokines
Cell counts in BALF
CFU counts in lung
Body weight

13 d12 d11 d10 d9 d8 d7 d6 d5 d4 d3 d2 d1 d6 h 0

"Late" treatment

Chronic
infection

Acute
infection

Chronic 

Chronic 

Acute

FIGURE 1 A schematic representation of the antibiotic treatment schedule and analysis in murine models of acute and chronic Pseudomonas
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 5 min after infection by aerosol, intranasal or subcutaneous routes. In the chronic infection model, the treatment started 5 min
(“early” treatment) or 7 days (“late” treatment) after infection, with repeated daily doses for 7 days. Read-outs of the disease progression were
body weight changes, colony-forming units (CFUs), total and differential cells, and cytokines/chemokines assayed at the time of death (at 6 h for
acute infection or after 7 days of treatment for chronic infection). d: days; BALF: bronchoalveolar lavage fluid.
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Modelli murini di infezione, vie di somministrazione, e analisi

Histopathology

Aerosol delivery by MicroSprayer® 
Aerosolizer and the Dry Powder 
Insufflator™
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Servizi addizionali di supporto a CFaCore in OSR

• TOXICITY STUDIES 
- Toxicology
- Necropsy and tissues collection
managed by computerized system ( 
Ascentos)

• PATHOLOGICAL STUDIES
- Histological preparation, 
- Special staining,       
- Immuno histochemistry. 
- Histopathological evaluation
- Reporting managed by computerized     

system ( Ascentos)

Francesca Sanvito
Pathological Anatomy Unit, 

Ospedale San Raffaele

Michele Raso
Animal Biochemistry

Ospedale San Raffaele

• HEMATOLOGY
- Complete Blood count
(WBC, WBC count, RBC, HGB, HCT, 
MCV, MCH, MCHC, PLT, and 
reticulocytes by Idexx Procyte
analyzers)

• CLINICAL BIOCHEMISTRY
- 21 parameters of serum biochemical 

tests for liver, kidney, heart, pancreas and    
other



Risorse topi e utilizzo

CFTR -/- wt he
C57Bl/6 Charles River 

24 €

Toxicity studies
First efficacy studies of novel drugs
Set-up experiments

Differences between wild-type and CF mice 
Final experiments for pubblication

20 €103 €
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Costi
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NEGOZIAZIONE
PROGETTI FFC

• Contatto CFaCore-ricercatore
• Proposta del piano sperimentale
• Collaborazione CFaCore nel 

progetto 
• Analisi statistica numero di 

animali da utilizzare 
• Proposta budget

ESECUZIONE 
PROGETTI FFC

• Revisione piano sperimentale in 
accordo ai referees e budget

• Preventivo di spesa
• Richiesta approvazione 

sperimentazione al comitato etico

PROPOSTA 
BANDO FFC

• Richiesta di risultati solidi in vitro
• Esecuzione di un esperimento 

pilota
• Report al ricercatore
• Esecuzione esperimento 

completo / modifica del protocollo

LUGLIO 2022META’ FEBBRAIO 2022 DA CONCORDARE

Come accedere al servizio



Can murine models of respiratory infection 
predict clinical efficacy in humans?

CF

• Whether and how efficacy testing differs in murine 
models of acute vs chronic respiratory infection

• How different administration routes – local vs 
parenteral - impact on host response and 

pathogen clearance

• How different schedules of treatment – soon after 
infection vs during chronic colonization – affect 

efficacy



Can murine models of respiratory infection 
predict clinical efficacy in humans?

CF

analysed as described previously [13, 18, 19]. Cytokine/chemokine levels were measured in the supernatant
of lung homogenates by Bioplex Assay (Bio-Rad Laboratories, Segrate, Italy). Pharmacokinetic (PK)
profiles of TOB and COL in the lungs and plasma of P. aeruginosa-infected mice were evaluated by
high-performance liquid chromatography–tandem mass spectrometry. Additional details in accordance
with the Animal Research: Reporting of In Vivo Experiments guidelines [20] are reported in the
supplementary material.

Statistics
Statistical analyses were performed with GraphPad Prism (GraphPad Software, Inc., San Diego, CA, USA)
using a two-way 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 intratracheal
inoculation to induce acute infection. Local treatment via the aero or i.n. route with 2 mg·kg−1 TOB or
1 mg·kg−1 COL and systemic treatment via the s.c. route with 20 mg·kg−1 TOB or 10 mg·kg−1 COL started
soon (5 min) after infection (figure 1). TOB and COL were dosed to keep the same dose to MIC ratio
(supplementary table S1) and local to systemic ratio, based on previous studies [17]. A single dose of TOB
was significantly effective at 6 h post-treatment, with a 4-log10 reduction in lung CFUs on aero
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FIGURE 1 A schematic representation of the antibiotic treatment schedule and analysis in murine models of acute and chronic Pseudomonas
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 5 min after infection by aerosol, intranasal or subcutaneous routes. In the chronic infection model, the treatment started 5 min
(“early” treatment) or 7 days (“late” treatment) after infection, with repeated daily doses for 7 days. Read-outs of the disease progression were
body weight changes, colony-forming units (CFUs), total and differential cells, and cytokines/chemokines assayed at the time of death (at 6 h for
acute infection or after 7 days of treatment for chronic infection). d: days; BALF: bronchoalveolar lavage fluid.
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Antibiotic efficacy varies based on the
infection model and treatment regimen
for Pseudomonas aeruginosa

Cristina Cigana 1,2, Serena Ranucci1, Alice Rossi1, Ida De Fino1,
Medede Melessike1 and Alessandra Bragonzi1,2

Affiliations: 1Infections and Cystic Fibrosis Unit, Division of Immunology, Transplantation and Infectious
Diseases, IRCCS San Raffaele Scientific Institute, Milano, Italy. 2Both authors contributed equally and share
senior authorship.

Correspondence: Alessandra Bragonzi, Infections and Cystic Fibrosis Unit, Division of Immunology,
Transplantation and Infectious Diseases, San Raffaele Scientific Institute, Milano, Italy.
E-mail: bragonzi.alessandra@hsr.it

@ERSpublications
Disease-specific animal models and treatment regimens are essential in order to optimise anti-
Pseudomonas drug testing http://bit.ly/2ISfBiB

Cite this article as: Cigana C, Ranucci S, Rossi A, et al. Antibiotic efficacy varies based on the infection
model and treatment regimen for Pseudomonas aeruginosa. Eur Respir J 2020; 55: 1802456 [https://doi.org/
10.1183/13993003.02456-2018].

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 the marketed antibacterial drugs 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 7 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
7 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 7 days after infection, both TOB and COL failed to reduce P. aeruginosa burden and
inflammation, or aid in recovery of body weight.

Our findings suggest that the animal model and treatment regimen should be carefully chosen based on
the type of infection to assess antibiotic efficacy.

This article has supplementary material available from erj.ersjournals.com

Received: 28 Dec 2018 | Accepted after revision: 10 Oct 2019

Copyright ©ERS 2020. This version is distributed under the terms of the Creative Commons Attribution Non-Commercial
Licence 4.0.

https://doi.org/10.1183/13993003.02456-2018 Eur Respir J 2020; 55: 1802456
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TOB and COL efficacy in mouse model of acute infection
Bacterial load and pharmacokinetics analysis

administration and a 3-log10 reduction on s.c. administration when compared to CFUs observed with
vehicle (figure 2a). It is worth noting that TOB administered via either the aero or s.c. route was able to
completely clear the infection in at least half of the treated mice (supplementary 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 vehicle. COL was generally less effective than TOB in
reducing the bacterial burden (figure 2b). COL-treated mice showed a significantly reduced bacterial
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FIGURE 2 Efficacy and pharmacokinetics of tobramycin (TOB) (a, c, e, g) and colistin (COL) (b, d, f, h) in a mouse model of acute Pseudomonas
aeruginosa airway infection. C57BL/6 male mice (aged 8–10 weeks) received intratracheal inoculations with 1×106 colony-forming units (CFUs) of
planktonic PAO1. 5 min after infection, 2 mg·kg−1 TOB, 1 mg·kg−1 COL or vehicle was administered via an aerosoliser (aero) or the intranasal (i.n.)
route. Alternatively, 20 mg·kg−1 TOB, 10 mg·kg−1 COL or vehicle was administered via the subcutaneous (s.c.) route. a–h) After 6 h, the mice were
killed, bronchoalveolar lavage fluid (BALF) was collected, and the lungs were excised, homogenised and plated on tryptic soy agar to determine
the bacterial burden (a, b). Each dot represents CFUs per lung from one mouse, and horizontal lines represent the median values. c, d) For
pharmacokinetics analysis, mice were killed 5 min, 6 h and 24 h after treatment, and the concentration of antibiotics was measured in the lung
and plasma (supplementary figure S1). The limits of quantification (LOQs) are indicated. e, f ) Total cell and g, h) neutrophil counts were
performed in BALF. Data are presented as mean±SEM pooled from two independent experiments (n=7–8 for efficacy, and n=4–8 for
pharmacokinetics). *: p<0.05; **: p<0.01; ****: p<0.0001.
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administration and a 3-log10 reduction on s.c. administration when compared to CFUs observed with
vehicle (figure 2a). It is worth noting that TOB administered via either the aero or s.c. route was able to
completely clear the infection in at least half of the treated mice (supplementary 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 vehicle. COL was generally less effective than TOB in
reducing the bacterial burden (figure 2b). COL-treated mice showed a significantly reduced bacterial
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FIGURE 2 Efficacy and pharmacokinetics of tobramycin (TOB) (a, c, e, g) and colistin (COL) (b, d, f, h) in a mouse model of acute Pseudomonas
aeruginosa airway infection. C57BL/6 male mice (aged 8–10 weeks) received intratracheal inoculations with 1×106 colony-forming units (CFUs) of
planktonic PAO1. 5 min after infection, 2 mg·kg−1 TOB, 1 mg·kg−1 COL or vehicle was administered via an aerosoliser (aero) or the intranasal (i.n.)
route. Alternatively, 20 mg·kg−1 TOB, 10 mg·kg−1 COL or vehicle was administered via the subcutaneous (s.c.) route. a–h) After 6 h, the mice were
killed, bronchoalveolar lavage fluid (BALF) was collected, and the lungs were excised, homogenised and plated on tryptic soy agar to determine
the bacterial burden (a, b). Each dot represents CFUs per lung from one mouse, and horizontal lines represent the median values. c, d) For
pharmacokinetics analysis, mice were killed 5 min, 6 h and 24 h after treatment, and the concentration of antibiotics was measured in the lung
and plasma (supplementary figure S1). The limits of quantification (LOQs) are indicated. e, f ) Total cell and g, h) neutrophil counts were
performed in BALF. Data are presented as mean±SEM pooled from two independent experiments (n=7–8 for efficacy, and n=4–8 for
pharmacokinetics). *: p<0.05; **: p<0.01; ****: p<0.0001.
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administration and a 3-log10 reduction on s.c. administration when compared to CFUs observed with
vehicle (figure 2a). It is worth noting that TOB administered via either the aero or s.c. route was able to
completely clear the infection in at least half of the treated mice (supplementary 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 vehicle. COL was generally less effective than TOB in
reducing the bacterial burden (figure 2b). COL-treated mice showed a significantly reduced bacterial
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FIGURE 2 Efficacy and pharmacokinetics of tobramycin (TOB) (a, c, e, g) and colistin (COL) (b, d, f, h) in a mouse model of acute Pseudomonas
aeruginosa airway infection. C57BL/6 male mice (aged 8–10 weeks) received intratracheal inoculations with 1×106 colony-forming units (CFUs) of
planktonic PAO1. 5 min after infection, 2 mg·kg−1 TOB, 1 mg·kg−1 COL or vehicle was administered via an aerosoliser (aero) or the intranasal (i.n.)
route. Alternatively, 20 mg·kg−1 TOB, 10 mg·kg−1 COL or vehicle was administered via the subcutaneous (s.c.) route. a–h) After 6 h, the mice were
killed, bronchoalveolar lavage fluid (BALF) was collected, and the lungs were excised, homogenised and plated on tryptic soy agar to determine
the bacterial burden (a, b). Each dot represents CFUs per lung from one mouse, and horizontal lines represent the median values. c, d) For
pharmacokinetics analysis, mice were killed 5 min, 6 h and 24 h after treatment, and the concentration of antibiotics was measured in the lung
and plasma (supplementary figure S1). The limits of quantification (LOQs) are indicated. e, f ) Total cell and g, h) neutrophil counts were
performed in BALF. Data are presented as mean±SEM pooled from two independent experiments (n=7–8 for efficacy, and n=4–8 for
pharmacokinetics). *: p<0.05; **: p<0.01; ****: p<0.0001.
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administration and a 3-log10 reduction on s.c. administration when compared to CFUs observed with
vehicle (figure 2a). It is worth noting that TOB administered via either the aero or s.c. route was able to
completely clear the infection in at least half of the treated mice (supplementary 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 vehicle. COL was generally less effective than TOB in
reducing the bacterial burden (figure 2b). COL-treated mice showed a significantly reduced bacterial
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FIGURE 2 Efficacy and pharmacokinetics of tobramycin (TOB) (a, c, e, g) and colistin (COL) (b, d, f, h) in a mouse model of acute Pseudomonas
aeruginosa airway infection. C57BL/6 male mice (aged 8–10 weeks) received intratracheal inoculations with 1×106 colony-forming units (CFUs) of
planktonic PAO1. 5 min after infection, 2 mg·kg−1 TOB, 1 mg·kg−1 COL or vehicle was administered via an aerosoliser (aero) or the intranasal (i.n.)
route. Alternatively, 20 mg·kg−1 TOB, 10 mg·kg−1 COL or vehicle was administered via the subcutaneous (s.c.) route. a–h) After 6 h, the mice were
killed, bronchoalveolar lavage fluid (BALF) was collected, and the lungs were excised, homogenised and plated on tryptic soy agar to determine
the bacterial burden (a, b). Each dot represents CFUs per lung from one mouse, and horizontal lines represent the median values. c, d) For
pharmacokinetics analysis, mice were killed 5 min, 6 h and 24 h after treatment, and the concentration of antibiotics was measured in the lung
and plasma (supplementary figure S1). The limits of quantification (LOQs) are indicated. e, f ) Total cell and g, h) neutrophil counts were
performed in BALF. Data are presented as mean±SEM pooled from two independent experiments (n=7–8 for efficacy, and n=4–8 for
pharmacokinetics). *: p<0.05; **: p<0.01; ****: p<0.0001.
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administration and a 3-log10 reduction on s.c. administration when compared to CFUs observed with
vehicle (figure 2a). It is worth noting that TOB administered via either the aero or s.c. route was able to
completely clear the infection in at least half of the treated mice (supplementary 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 vehicle. COL was generally less effective than TOB in
reducing the bacterial burden (figure 2b). COL-treated mice showed a significantly reduced bacterial
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FIGURE 2 Efficacy and pharmacokinetics of tobramycin (TOB) (a, c, e, g) and colistin (COL) (b, d, f, h) in a mouse model of acute Pseudomonas
aeruginosa airway infection. C57BL/6 male mice (aged 8–10 weeks) received intratracheal inoculations with 1×106 colony-forming units (CFUs) of
planktonic PAO1. 5 min after infection, 2 mg·kg−1 TOB, 1 mg·kg−1 COL or vehicle was administered via an aerosoliser (aero) or the intranasal (i.n.)
route. Alternatively, 20 mg·kg−1 TOB, 10 mg·kg−1 COL or vehicle was administered via the subcutaneous (s.c.) route. a–h) After 6 h, the mice were
killed, bronchoalveolar lavage fluid (BALF) was collected, and the lungs were excised, homogenised and plated on tryptic soy agar to determine
the bacterial burden (a, b). Each dot represents CFUs per lung from one mouse, and horizontal lines represent the median values. c, d) For
pharmacokinetics analysis, mice were killed 5 min, 6 h and 24 h after treatment, and the concentration of antibiotics was measured in the lung
and plasma (supplementary figure S1). The limits of quantification (LOQs) are indicated. e, f ) Total cell and g, h) neutrophil counts were
performed in BALF. Data are presented as mean±SEM pooled from two independent experiments (n=7–8 for efficacy, and n=4–8 for
pharmacokinetics). *: p<0.05; **: p<0.01; ****: p<0.0001.

https://doi.org/10.1183/13993003.02456-2018 4

LUNG INFECTION | C. CIGANA ET AL.

administration and a 3-log10 reduction on s.c. administration when compared to CFUs observed with
vehicle (figure 2a). It is worth noting that TOB administered via either the aero or s.c. route was able to
completely clear the infection in at least half of the treated mice (supplementary 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 vehicle. COL was generally less effective than TOB in
reducing the bacterial burden (figure 2b). COL-treated mice showed a significantly reduced bacterial
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FIGURE 2 Efficacy and pharmacokinetics of tobramycin (TOB) (a, c, e, g) and colistin (COL) (b, d, f, h) in a mouse model of acute Pseudomonas
aeruginosa airway infection. C57BL/6 male mice (aged 8–10 weeks) received intratracheal inoculations with 1×106 colony-forming units (CFUs) of
planktonic PAO1. 5 min after infection, 2 mg·kg−1 TOB, 1 mg·kg−1 COL or vehicle was administered via an aerosoliser (aero) or the intranasal (i.n.)
route. Alternatively, 20 mg·kg−1 TOB, 10 mg·kg−1 COL or vehicle was administered via the subcutaneous (s.c.) route. a–h) After 6 h, the mice were
killed, bronchoalveolar lavage fluid (BALF) was collected, and the lungs were excised, homogenised and plated on tryptic soy agar to determine
the bacterial burden (a, b). Each dot represents CFUs per lung from one mouse, and horizontal lines represent the median values. c, d) For
pharmacokinetics analysis, mice were killed 5 min, 6 h and 24 h after treatment, and the concentration of antibiotics was measured in the lung
and plasma (supplementary figure S1). The limits of quantification (LOQs) are indicated. e, f ) Total cell and g, h) neutrophil counts were
performed in BALF. Data are presented as mean±SEM pooled from two independent experiments (n=7–8 for efficacy, and n=4–8 for
pharmacokinetics). *: p<0.05; **: p<0.01; ****: p<0.0001.
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administration and a 3-log10 reduction on s.c. administration when compared to CFUs observed with
vehicle (figure 2a). It is worth noting that TOB administered via either the aero or s.c. route was able to
completely clear the infection in at least half of the treated mice (supplementary 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 vehicle. COL was generally less effective than TOB in
reducing the bacterial burden (figure 2b). COL-treated mice showed a significantly reduced bacterial
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FIGURE 2 Efficacy and pharmacokinetics of tobramycin (TOB) (a, c, e, g) and colistin (COL) (b, d, f, h) in a mouse model of acute Pseudomonas
aeruginosa airway infection. C57BL/6 male mice (aged 8–10 weeks) received intratracheal inoculations with 1×106 colony-forming units (CFUs) of
planktonic PAO1. 5 min after infection, 2 mg·kg−1 TOB, 1 mg·kg−1 COL or vehicle was administered via an aerosoliser (aero) or the intranasal (i.n.)
route. Alternatively, 20 mg·kg−1 TOB, 10 mg·kg−1 COL or vehicle was administered via the subcutaneous (s.c.) route. a–h) After 6 h, the mice were
killed, bronchoalveolar lavage fluid (BALF) was collected, and the lungs were excised, homogenised and plated on tryptic soy agar to determine
the bacterial burden (a, b). Each dot represents CFUs per lung from one mouse, and horizontal lines represent the median values. c, d) For
pharmacokinetics analysis, mice were killed 5 min, 6 h and 24 h after treatment, and the concentration of antibiotics was measured in the lung
and plasma (supplementary figure S1). The limits of quantification (LOQs) are indicated. e, f ) Total cell and g, h) neutrophil counts were
performed in BALF. Data are presented as mean±SEM pooled from two independent experiments (n=7–8 for efficacy, and n=4–8 for
pharmacokinetics). *: p<0.05; **: p<0.01; ****: p<0.0001.
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administration and a 3-log10 reduction on s.c. administration when compared to CFUs observed with
vehicle (figure 2a). It is worth noting that TOB administered via either the aero or s.c. route was able to
completely clear the infection in at least half of the treated mice (supplementary 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 vehicle. COL was generally less effective than TOB in
reducing the bacterial burden (figure 2b). COL-treated mice showed a significantly reduced bacterial
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FIGURE 2 Efficacy and pharmacokinetics of tobramycin (TOB) (a, c, e, g) and colistin (COL) (b, d, f, h) in a mouse model of acute Pseudomonas
aeruginosa airway infection. C57BL/6 male mice (aged 8–10 weeks) received intratracheal inoculations with 1×106 colony-forming units (CFUs) of
planktonic PAO1. 5 min after infection, 2 mg·kg−1 TOB, 1 mg·kg−1 COL or vehicle was administered via an aerosoliser (aero) or the intranasal (i.n.)
route. Alternatively, 20 mg·kg−1 TOB, 10 mg·kg−1 COL or vehicle was administered via the subcutaneous (s.c.) route. a–h) After 6 h, the mice were
killed, bronchoalveolar lavage fluid (BALF) was collected, and the lungs were excised, homogenised and plated on tryptic soy agar to determine
the bacterial burden (a, b). Each dot represents CFUs per lung from one mouse, and horizontal lines represent the median values. c, d) For
pharmacokinetics analysis, mice were killed 5 min, 6 h and 24 h after treatment, and the concentration of antibiotics was measured in the lung
and plasma (supplementary figure S1). The limits of quantification (LOQs) are indicated. e, f ) Total cell and g, h) neutrophil counts were
performed in BALF. Data are presented as mean±SEM pooled from two independent experiments (n=7–8 for efficacy, and n=4–8 for
pharmacokinetics). *: p<0.05; **: p<0.01; ****: p<0.0001.
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vehicle (figure 2a). It is worth noting that TOB administered via either the aero or s.c. route was able to
completely clear the infection in at least half of the treated mice (supplementary 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 vehicle. COL was generally less effective than TOB in
reducing the bacterial burden (figure 2b). COL-treated mice showed a significantly reduced bacterial
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FIGURE 2 Efficacy and pharmacokinetics of tobramycin (TOB) (a, c, e, g) and colistin (COL) (b, d, f, h) in a mouse model of acute Pseudomonas
aeruginosa airway infection. C57BL/6 male mice (aged 8–10 weeks) received intratracheal inoculations with 1×106 colony-forming units (CFUs) of
planktonic PAO1. 5 min after infection, 2 mg·kg−1 TOB, 1 mg·kg−1 COL or vehicle was administered via an aerosoliser (aero) or the intranasal (i.n.)
route. Alternatively, 20 mg·kg−1 TOB, 10 mg·kg−1 COL or vehicle was administered via the subcutaneous (s.c.) route. a–h) After 6 h, the mice were
killed, bronchoalveolar lavage fluid (BALF) was collected, and the lungs were excised, homogenised and plated on tryptic soy agar to determine
the bacterial burden (a, b). Each dot represents CFUs per lung from one mouse, and horizontal lines represent the median values. c, d) For
pharmacokinetics analysis, mice were killed 5 min, 6 h and 24 h after treatment, and the concentration of antibiotics was measured in the lung
and plasma (supplementary figure S1). The limits of quantification (LOQs) are indicated. e, f ) Total cell and g, h) neutrophil counts were
performed in BALF. Data are presented as mean±SEM pooled from two independent experiments (n=7–8 for efficacy, and n=4–8 for
pharmacokinetics). *: p<0.05; **: p<0.01; ****: p<0.0001.
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administration and a 3-log10 reduction on s.c. administration when compared to CFUs observed with
vehicle (figure 2a). It is worth noting that TOB administered via either the aero or s.c. route was able to
completely clear the infection in at least half of the treated mice (supplementary 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 vehicle. COL was generally less effective than TOB in
reducing the bacterial burden (figure 2b). COL-treated mice showed a significantly reduced bacterial
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FIGURE 2 Efficacy and pharmacokinetics of tobramycin (TOB) (a, c, e, g) and colistin (COL) (b, d, f, h) in a mouse model of acute Pseudomonas
aeruginosa airway infection. C57BL/6 male mice (aged 8–10 weeks) received intratracheal inoculations with 1×106 colony-forming units (CFUs) of
planktonic PAO1. 5 min after infection, 2 mg·kg−1 TOB, 1 mg·kg−1 COL or vehicle was administered via an aerosoliser (aero) or the intranasal (i.n.)
route. Alternatively, 20 mg·kg−1 TOB, 10 mg·kg−1 COL or vehicle was administered via the subcutaneous (s.c.) route. a–h) After 6 h, the mice were
killed, bronchoalveolar lavage fluid (BALF) was collected, and the lungs were excised, homogenised and plated on tryptic soy agar to determine
the bacterial burden (a, b). Each dot represents CFUs per lung from one mouse, and horizontal lines represent the median values. c, d) For
pharmacokinetics analysis, mice were killed 5 min, 6 h and 24 h after treatment, and the concentration of antibiotics was measured in the lung
and plasma (supplementary figure S1). The limits of quantification (LOQs) are indicated. e, f ) Total cell and g, h) neutrophil counts were
performed in BALF. Data are presented as mean±SEM pooled from two independent experiments (n=7–8 for efficacy, and n=4–8 for
pharmacokinetics). *: p<0.05; **: p<0.01; ****: p<0.0001.
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analysed as described previously [13, 18, 19]. Cytokine/chemokine levels were measured in the supernatant
of lung homogenates by Bioplex Assay (Bio-Rad Laboratories, Segrate, Italy). Pharmacokinetic (PK)
profiles of TOB and COL in the lungs and plasma of P. aeruginosa-infected mice were evaluated by
high-performance liquid chromatography–tandem mass spectrometry. Additional details in accordance
with the Animal Research: Reporting of In Vivo Experiments guidelines [20] are reported in the
supplementary material.

Statistics
Statistical analyses were performed with GraphPad Prism (GraphPad Software, Inc., San Diego, CA, USA)
using a two-way 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 intratracheal
inoculation to induce acute infection. Local treatment via the aero or i.n. route with 2 mg·kg−1 TOB or
1 mg·kg−1 COL and systemic treatment via the s.c. route with 20 mg·kg−1 TOB or 10 mg·kg−1 COL started
soon (5 min) after infection (figure 1). TOB and COL were dosed to keep the same dose to MIC ratio
(supplementary table S1) and local to systemic ratio, based on previous studies [17]. A single dose of TOB
was significantly effective at 6 h post-treatment, with a 4-log10 reduction in lung CFUs on aero
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Acute
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Chronic 
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FIGURE 1 A schematic representation of the antibiotic treatment schedule and analysis in murine models of acute and chronic Pseudomonas
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 5 min after infection by aerosol, intranasal or subcutaneous routes. In the chronic infection model, the treatment started 5 min
(“early” treatment) or 7 days (“late” treatment) after infection, with repeated daily doses for 7 days. Read-outs of the disease progression were
body weight changes, colony-forming units (CFUs), total and differential cells, and cytokines/chemokines assayed at the time of death (at 6 h for
acute infection or after 7 days of treatment for chronic infection). d: days; BALF: bronchoalveolar lavage fluid.
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(aero or i.n.) or systemic (s.c.) routes. Our results showed that aero 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
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FIGURE 3 Efficacy of “early” treatment with tobramycin (TOB) (a, c, e, g) and colistin (COL) (b, d, f, h) against Pseudomonas aeruginosa MDR-RP73
in a murine model of chronic lung infection. C57BL/6 male mice (aged 8–10 weeks) were infected with 5×105 colony-forming units (CFUs) of
MDR-RP73 embedded in agar beads by intratracheal inoculation. Treatment was started 5 min after infection, with 16 mg·kg−1 TOB, 1 mg·kg−1
COL or vehicle administered daily for 7 days via an aerosoliser (aero). Alternatively, 160 mg·kg−1 TOB, 10 mg·kg−1 COL or vehicle was administered
via the subcutaneous (s.c.) route. a, b) Before each administration, mice were weighed, and the percentage change from the initial body weight
was averaged for each group of mice. Data are presented as mean±SEM. c–h) At day seven post-infection, mice were killed, bronchoalveolar lavage
fluid (BALF) was collected and lungs were excised, homogenised and plated onto tryptic soy agar to determine the bacterial burden (c, d). Each
dot represents CFUs per lung from one mouse, and horizontal lines represent the median values. e, f ) Total cell and g, h) neutrophil counts were
performed in BALF. Data are presented as the mean±SEM pooled from two independent experiments (n=11–16). *: p<0.05; **: p<0.01; ***: p<0.001;
****: p<0.0001.
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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 aero 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 aero administration. Bacterial burden was significantly reduced
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FIGURE 4 Efficacy of “late” treatment with tobramycin (TOB) (a, c, e, g) and colistin (COL) (b, d, f, h) against Pseudomonas aeruginosa MDR-RP73
in a murine model of chronic lung infection. C57BL/6 male mice (aged 8–10 weeks) were infected with 5×105 colony-forming units (CFUs) of
MDR-RP73 embedded in agar beads by intratracheal inoculation. Treatment was started 7 days post-infection and administered daily for another
7 days with 16 mg·kg−1 TOB, 1 mg·kg−1 COL or vehicle via an aerosoliser (aero). Alternatively, 160 mg·kg−1 TOB, 10 mg·kg−1 COL or vehicle was
administered via the subcutaneous (s.c.) route. a, b) Before each administration, mice were weighed, and the percentage change from the initial
body weight was averaged for each group of mice. Data are presented as mean±SEM. c–h) 7 days after the beginning of treatment, which is a total
of 14 days after infection, the mice were killed, bronchoalveolar lavage fluid (BALF) was collected and lungs were excised, homogenised and
plated onto tryptic soy agar to determine the bacterial burden (c, d). Each dot represents CFUs per lung from one mouse, and horizontal lines
represent the median values. e, f ) Total cell and g, h) neutrophil counts were performed in BALF. Data are presented as the mean±SEM pooled
from one to two independent experiments (n=5–14). **: p<0.01.
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(aero or i.n.) or systemic (s.c.) routes. Our results showed that aero 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
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FIGURE 3 Efficacy of “early” treatment with tobramycin (TOB) (a, c, e, g) and colistin (COL) (b, d, f, h) against Pseudomonas aeruginosa MDR-RP73
in a murine model of chronic lung infection. C57BL/6 male mice (aged 8–10 weeks) were infected with 5×105 colony-forming units (CFUs) of
MDR-RP73 embedded in agar beads by intratracheal inoculation. Treatment was started 5 min after infection, with 16 mg·kg−1 TOB, 1 mg·kg−1
COL or vehicle administered daily for 7 days via an aerosoliser (aero). Alternatively, 160 mg·kg−1 TOB, 10 mg·kg−1 COL or vehicle was administered
via the subcutaneous (s.c.) route. a, b) Before each administration, mice were weighed, and the percentage change from the initial body weight
was averaged for each group of mice. Data are presented as mean±SEM. c–h) At day seven post-infection, mice were killed, bronchoalveolar lavage
fluid (BALF) was collected and lungs were excised, homogenised and plated onto tryptic soy agar to determine the bacterial burden (c, d). Each
dot represents CFUs per lung from one mouse, and horizontal lines represent the median values. e, f ) Total cell and g, h) neutrophil counts were
performed in BALF. Data are presented as the mean±SEM pooled from two independent experiments (n=11–16). *: p<0.05; **: p<0.01; ***: p<0.001;
****: p<0.0001.
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(aero or i.n.) or systemic (s.c.) routes. Our results showed that aero 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
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FIGURE 3 Efficacy of “early” treatment with tobramycin (TOB) (a, c, e, g) and colistin (COL) (b, d, f, h) against Pseudomonas aeruginosa MDR-RP73
in a murine model of chronic lung infection. C57BL/6 male mice (aged 8–10 weeks) were infected with 5×105 colony-forming units (CFUs) of
MDR-RP73 embedded in agar beads by intratracheal inoculation. Treatment was started 5 min after infection, with 16 mg·kg−1 TOB, 1 mg·kg−1
COL or vehicle administered daily for 7 days via an aerosoliser (aero). Alternatively, 160 mg·kg−1 TOB, 10 mg·kg−1 COL or vehicle was administered
via the subcutaneous (s.c.) route. a, b) Before each administration, mice were weighed, and the percentage change from the initial body weight
was averaged for each group of mice. Data are presented as mean±SEM. c–h) At day seven post-infection, mice were killed, bronchoalveolar lavage
fluid (BALF) was collected and lungs were excised, homogenised and plated onto tryptic soy agar to determine the bacterial burden (c, d). Each
dot represents CFUs per lung from one mouse, and horizontal lines represent the median values. e, f ) Total cell and g, h) neutrophil counts were
performed in BALF. Data are presented as the mean±SEM pooled from two independent experiments (n=11–16). *: p<0.05; **: p<0.01; ***: p<0.001;
****: p<0.0001.
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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 aero 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 aero administration. Bacterial burden was significantly reduced

e)

B
A

L
F

 t
o

ta
l 

ce
ll

s TOB 16 mg·kg–1

TOB 160 mg·kg–1

Vehicle

Vehicle

10

15a)

0

5

–5

–15

–10

–20

10

15

0

5

–5

–15

–10

–20

B
o

d
y 

w
e

ig
h

t 
ch

a
n

g
e

 %

10
Days post infection

2 3 4 5 6 7 8 9 10 11 12 13 14 10 2 3 4 5 6 7 8 9 10 11 12 13 14

f)

B
A

L
F

 t
o

ta
l 

ce
ll

s COL 1 mg·kg–1

COL 10 mg·kg–1

Vehicle

Vehicle

106c)

105

103

104

102

101

100

To
ta

l 
lu

n
g

 C
F

U

s.c.aero

TOB 16 mg·kg–1

TOB 160 mg·kg–1

Vehicle

Vehicle

g)

2.0×105

3.0×105

1.0×105

4.0×105

0

2.0×105

3.0×105

1.0×105

4.0×105

0

B
A

L
F

 n
e

u
tr

o
p

h
il

s

s.c.aero

b)

106

105

103

104

102

101

100

s.c.aero

d)

To
ta

l 
lu

n
g

 C
F

U

COL 1 mg·kg–1

COL 10 mg·kg–1

Vehicle

Vehicle

8.0×105

6.0×105

2.0×105

4.0×105

0

8.0×105

6.0×105

2.0×105

4.0×105

0

s.c.aero

**

h)

B
A

L
F

 n
e

u
tr

o
p

h
il

s

s.c.aero

s.c.aero

TOB 16 mg·kg–1 aero
Vehicle aero

Vehicle s.c.
TOB 160 mg·kg–1 s.c.

B
o

d
y 

w
e

ig
h

t 
ch

a
n

g
e

 %

Days post infection

COL 1 mg·kg–1 aero
Vehicle aero

Vehicle s.c.
COL 10 mg·kg–1 s.c.

FIGURE 4 Efficacy of “late” treatment with tobramycin (TOB) (a, c, e, g) and colistin (COL) (b, d, f, h) against Pseudomonas aeruginosa MDR-RP73
in a murine model of chronic lung infection. C57BL/6 male mice (aged 8–10 weeks) were infected with 5×105 colony-forming units (CFUs) of
MDR-RP73 embedded in agar beads by intratracheal inoculation. Treatment was started 7 days post-infection and administered daily for another
7 days with 16 mg·kg−1 TOB, 1 mg·kg−1 COL or vehicle via an aerosoliser (aero). Alternatively, 160 mg·kg−1 TOB, 10 mg·kg−1 COL or vehicle was
administered via the subcutaneous (s.c.) route. a, b) Before each administration, mice were weighed, and the percentage change from the initial
body weight was averaged for each group of mice. Data are presented as mean±SEM. c–h) 7 days after the beginning of treatment, which is a total
of 14 days after infection, the mice were killed, bronchoalveolar lavage fluid (BALF) was collected and lungs were excised, homogenised and
plated onto tryptic soy agar to determine the bacterial burden (c, d). Each dot represents CFUs per lung from one mouse, and horizontal lines
represent the median values. e, f ) Total cell and g, h) neutrophil counts were performed in BALF. Data are presented as the mean±SEM pooled
from one to two independent experiments (n=5–14). **: p<0.01.

https://doi.org/10.1183/13993003.02456-2018 8

LUNG INFECTION | C. CIGANA ET AL.

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 aero 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 aero administration. Bacterial burden was significantly reduced
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FIGURE 4 Efficacy of “late” treatment with tobramycin (TOB) (a, c, e, g) and colistin (COL) (b, d, f, h) against Pseudomonas aeruginosa MDR-RP73
in a murine model of chronic lung infection. C57BL/6 male mice (aged 8–10 weeks) were infected with 5×105 colony-forming units (CFUs) of
MDR-RP73 embedded in agar beads by intratracheal inoculation. Treatment was started 7 days post-infection and administered daily for another
7 days with 16 mg·kg−1 TOB, 1 mg·kg−1 COL or vehicle via an aerosoliser (aero). Alternatively, 160 mg·kg−1 TOB, 10 mg·kg−1 COL or vehicle was
administered via the subcutaneous (s.c.) route. a, b) Before each administration, mice were weighed, and the percentage change from the initial
body weight was averaged for each group of mice. Data are presented as mean±SEM. c–h) 7 days after the beginning of treatment, which is a total
of 14 days after infection, the mice were killed, bronchoalveolar lavage fluid (BALF) was collected and lungs were excised, homogenised and
plated onto tryptic soy agar to determine the bacterial burden (c, d). Each dot represents CFUs per lung from one mouse, and horizontal lines
represent the median values. e, f ) Total cell and g, h) neutrophil counts were performed in BALF. Data are presented as the mean±SEM pooled
from one to two independent experiments (n=5–14). **: p<0.01.
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Conclusions

CF• Antibacterial efficacy is affected by the route of
administration, type of antibiotic and mouse model of
pulmonary infection

• The inflammatory response does not strictly reflect changes
in bacterial load

• The schedule of treatment affects antibiotic efficacy during
chronic P. aeruginosa infection

Multiple animal models and different treatment schedules are 
needed to properly translate results to the clinic and to 

optimize anti-P. aeruginosa drug development



Roadmap of antibacterial efficacy testing in mouse 
models of respiratory infection

CF

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 a
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

TABLE 3 Cytokine/chemokine concentrations following long-term chronic Pseudomonas aeruginosa airway infection and “late”
antibiotic treatment

Concentration ng·500 µg−1

Vehicle aero TOB aero# Vehicle s.c. TOB s.c.¶ Vehicle aero COL aero+ 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

Data are presented as the mean±SEM 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. aero: delivery using an
aerosoliser; TOB: tobramycin; s.c.: subcutaneous; COL: colistin; IL: interleukin; G-CSF: granulocyte colony-stimulating factor; GM-CSF:
granulocyte–macrophage colony-stimulating factor; IFN: interferon; KC: keratinocyte chemoattractant; MCP: monocyte chemoattractant
protein; MIP: macrophage inflammatory protein; TNF: tumour necrosis factor; #: 16 mg·kg−1; ¶: 160 mg·kg−1; +: 1 mg·kg−1; §: 10 mg·kg−1.
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FIGURE 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-Pseudomonas aeruginosa treatment.
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