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Abstract

Background: Ventilator-associated pneumonia (VAP) is one of the most common
nosocomial infections acquired in the intensive care unit. Pseudomonas aeruginosa (PA)
is a leading pathogen isolated from VAP patients and PA-VAP is associated with high
mortality. It is imperative to establish an animal VAP model to study the pathogenesis and
pathophysiology of VAP.

Objectives: Establish a murine VAP model that closely reflects disease onset and
progression. Analyze the pathophysiological, immunological and histopathological
response in the models and investigate the underlying linking mechanism between
mechanical ventilation (MV) and VAP.

Methods: In vivo: C57BL/6J mice were intubated and subjected to either high (HVt: 34
mL/kg) or low (LVt: 9 mL/kg) tidal volume ventilation for 4 hours. Mice ventilated for 10
min using LVt ventilation settings were taken as non-ventilated (NV) control group. After
MV, mice were infected with either PA103 or sterile phosphate buffered saline. Twenty-
four hours post infection, mice were euthanized and physiological, immunological and
histopathological parameters were determined and analyzed. In vitro: Human A549 cells
were cultured and exposed to cell cyclic stretch followed by PAOL1 infection and
immunofluorescence microscopy. Ex vivo: A fluorescent pH indicator was applied to the
lung subjected to MV to determine the pH of the alveolar lining fluid (ALF).

Results: Mice subjected to HVt ventilation developed ventilator-induced lung injury with
significant lung function deterioration. Upon subsequent PA infection, substantially higher
bacterial burden, as well as more severe alveolar-capillary barrier disruption and
pulmonary inflammation were found in HVt-PA mice compared with LVt-PA and NV-PA

mice. In addition, HVt-PA mice showed signs of extra-pulmonary bacterial dissemination
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and increased levels of systemic inflammation. Furthermore, HVt and cell stretch resulted
in ALF acidification and thereby promoted the pulmonary PA adhesion and growth.

Conclusion: Our results provide evidence that mechanical overventilation is a critical
factor for the onset and progression of VAP, contributing to systemic inflammation and
distal organ bacterial dissemination. Furthermore, in vitro and ex vivo studies provided
evidence that high stretch-induced ALF acidification promotes PA adhesion and
proliferation as critical factor, explaining the enhanced susceptibility to the development
of PA pneumonia in overventilated mice. These findings may enable future studies to
deeply investigate the pathogenesis of VAP and may promote the discovery of new

treatment strategies to reduce VAP-associated mortality.
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Zusammenfassung

Hintergrund: Die beatmungsassoziierte Pneumonie (VAP) ist eine der haufigsten auf der
Intensivstation erworbenen, nosokomialen Infektionen. Pseudomonas aeruginosa (PA)
ist der haufigste Erreger, der bei VAP-Patienten isoliert wird, und PA-VAP ist mit einer
hohen Sterblichkeit verbunden.

Zielsetzungen: Um die Pathogenese und Pathophysiologie der VAP zu untersuchen,
wurde ein murines VAP-Modell etabliert, welches den Beginn und den Verlauf der
Krankheit genau widerspiegelt. Mit diesem Modell sollten immunologische und
pathophysiologische Zusammenhénge zwischen mechanischer Beatmung (MV) und
VAP untersucht werden.

Methoden: In vivo: C57BL/6J-Mause wurden intubiert und 4 Stunden lang entweder mit
hohem (HVt: 34mL/kg) oder niedrigem (LVt: 9mL/kg) Tidalvolumen beatmet. Mause, die
10 Minuten lang mit LVt-Einstellungen beatmet wurden, dienten als nicht beatmete (NV)
Kontrollgruppe. Nach der MV wurden die Mause entweder mit PA103 oder steriler
Kochsalzlésung infiziert. Vierundzwanzig Stunden nach Infektion wurden die Mause
euthanasiert und physiologische, immunologische und histopathologische Parameter
bestimmt und analysiert. In vitro: Humane A549-Zellen wurden kultiviert und einer
zyklischen Dehnung ausgesetzt, gefolgt von einer PAO1l-Infektion und
Immunfluoreszenzmikroskopie. Ex vivo: Explantierte murine Lungen wurden fir 2
Stunden beatmet und anschlieRend ein fluoreszenzbasierter pH-Indikator appliziert, um
den pH-Wert des alveolaren Flussigkeitsfilms zu bestimmen.

Ergebnisse: Mause, die einer HVt-MV unterzogen wurden, entwickelten eine
beatmungsinduzierte Lungenschadigung mit signifikanter Verschlechterung der
Lungenfunktion. Nach anschlieender PA-Infektion wurden bei HVt-PA-Mausen im

Vergleich zu LVt-PA- und NV-PA-Mausen eine wesentlich hbhere Bakterienlast sowie
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eine starkere Storung der alveolar-kapillaren Barriere und Zeichen einer schweren
Lungenentzindung festgestellt. Dartber hinaus zeigten HVt-PA-Mause Anzeichen einer
extrapulmonalen bakteriellen Dissemination und erhdhte Werte systemischer
Entziindung. Die ex vivo HVt-Beatmung und die zyklische Zelldehnung in vitro fihrten zu
einer Ubersauerung des pH-Wertes des alveolaren Flissigkeitsfiims und férderten
dadurch das pulmonale Wachstum und die Adhasion von PA.

Schlussfolgerung: Die Ergebnisse belegen, dass eine Uberbeatmung (HVt) ein
entscheidender Faktor fir den Beginn und das Fortschreiten einer VAP ist, der zur
systemischen Entziindung und zur Verbreitung von Bakterien in distale Organe beitragt.
Darliber hinaus zeigten in vitro und ex vivo Untersuchungen, dass eine durch hohe
Dehnung induzierte Ubersauerung des alveolaren Flussigkeitsfilms die Adhasion und
Proliferation von PA férdert und somit entscheidend fir die erhohte Anfalligkeit fur die
Entwicklung einer PA-Pneumonie bei Uberbeatmeten Mausen ist. Diese Ergebnisse
kénnten kunftige Studien zur Pathogenese und zu neuen Behandlungsstrategien der

VAP sowie zur Senkung der VAP-assoziierten Mortalitat entscheidend vorantreiben.
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Introduction

1. Introduction

1.1. Ventilator-associated pneumonia

1.1.1. Definition
Ventilator-associated pneumonia (VAP) is defined as a lung infection that occurs in
patients who are mechanically ventilated for over 48 h * and is one of the most common
nosocomial infections acquired in the intensive care unit (ICU) 2. If VAP occurs within the
initial 4 days of hospital admission, it is categorized as early-onset VAP, and after 5 days

of hospitalization it is termed late-onset VAP 3.

1.1.2. Diagnosis of ventilator-associated pneumonia
To date, there is no single clinically sensitive and specific criterion for VAP diagnosis.
Hence, it is common consensus that VAP is diagnosed using a combination of the three
following criteria 3 :
e New clinical signs of infection (e.g., fever, purulent sputum or endotracheal secretions
and leukocytosis or leucopenia) *.
e Chest radiograph or computed tomography (CT) scan (Figure 1) with new or
progressive pulmonary infiltrate 3.
e Noninvasive microbiological sampling with semi-quantitative cultures should be

carried out to confirm VAP 4.
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Figure 1: CT scan of ventilator-associated pneumonia caused by Pseudomonas aeruginosa in a 45-
year-old female patient. A cavity (arrowhead), bronchial wall thickening (black arrow), and nodules

(white arrows) are shown (adapted from Omeri et al., 2014 °).

1.1.3. Incidence and mortality
The reported incidence of VAP is high in Europe (18.3 VAP cases per 1,000 ventilator-
days) ¢ and low in the USA (1-2.5 cases per 1,000 ventilator-days) 7. These variations
may be due to geographical, diagnostic and population discrepancies & ° 19, Moreover,
the incidence in lower- and middle-income nations is notably higher as compared with
high-income countries (18.5, 15.2, and 9.0 per 1,000 ventilator-days, respectively,
P=0.035) !. As one of the most common ICU-acquired pneumonia *?, results from a
prospective cohort study involving 16 Canadian ICUs exhibited that 177 of 1,014 patients
(17.5 %) developed VAP and had a higher morality (23.7 %) compared with patients
without VAP (19.7 %) 3. Generally, patients subjected to mechanical ventilation have an
approximately 6- to 20-fold higher risk of developing pneumonia as compared with non-

ventilated patients 3, While VAP mortality was particularly high in critically ill patients

2
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(characterized by higher APACHE Il score) (46.67 %) as compared to subjects with a
lower APACHE Il score (27.28 %) 14, and the overall attributable mortality was 9 % based
on combined results from 58 randomized controlled studies °. Furthermore, late-onset
VAP patients exhibit higher mortality compared with early-onset VAP cases (50 % versus
25 %) 4. Interestingly, in patients with acute respiratory distress syndrome (ARDS), VAP

was identified as risk factor associated with a significantly higher mortality °.

1.2. Pathogens responsible for ventilator-associated pneumonia

Causative pathogens identified in VAP patients may vary due to different factors,
including length of hospital or ICU stay, duration of mechanical ventilation, local
epidemiology and timing of exposure to antimicrobials . The most common Gram-
negative pathogens isolated in VAP patients are Pseudomonas aeruginosa (PA),
Escherichia coli, and Klebsiella pneumoniae, while Acinetobacter species and
Staphylococcus aureus are the most commonly isolated Gram-positive bacteria 6 17 18
19.20.21 There are some regional differences: Staphylococcus aureus is the most common
VAP pathogen isolate in Spain, France, Belgium and Ireland 6, while PA is the
predominant isolate in Italy and Portugal. Moreover, Staphylococcus aureus,
Streptococcus pneumoniae and Haemophilus influenzae/Moraxella catarrhalis are more
prevalent in the early-onset VAP 6, while Acinetobacter species and PA were more
commonly isolated in late-onset VAP 22, The spectrum of VAP pathogens isolated in

clinical studies in recent years is shown in Table 1 below.
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Table 1 Overview of clinical studies analyzing VAP pathogens

Esperatti et al.
(2010) ¥/
Martin-Loeches
et al. (2015) =
Pulido et al.
(2018) %4

Huang et al.
(2018) %

Ibn Saied et al.

(2019) 5

Pseudomonas
aeruginosa (24 %)
Pseudomonas
aeruginosa (24 %)
Pseudomonas
aeruginosa (21 %)
Acinetobacter
baumannii (34 %)
Pseudomonas

aeruginosa (34 %)

Staphylococcus
aureus (23 %)
Staphylococcus
aureus (22 %)
Acinetobacter
baumannii (21 %)
Klebsiella
pneumoniae (24 %)
Enterobacteriaceae

(32 %)

Escherichia coli

(7 %)

Klebsiella
pneumoniae (14 %)
Klebsiella
pneumoniae (15 %)
Pseudomonas
aeruginosa (20 %)
Staphylococcus

aureus (19 %)

1.2.1. Pseudomonas aeruginosa

Pseudomonas aeruginosa (PA) is a ubiquitous Gram-negative, encapsulated and rod-
shaped bacterium that can cause acute and chronic diseases in humans. PA is a
facultative anaerobe and therefore it is able to survive and proliferate in conditions with
partial oxygen depletion 26, Due to the capacity of biofilm formation of many PA strains,
the bacterium is able to survive on surfaces of medical equipment (e.g., hand hygiene
sink and catheters) 2/, generating a common risk for nosocomial infections. PA has
emerged as one of the most common isolates from VAP patients worldwide and was
found in 25.9 % and 26.4 % of VAP cases in Asia and Europe, respectively © 22, PA-VAP
patients are more likely to develop severe complications (e.g., septic shock and multiple
organ dysfunction) 28, In addition, a sensitivity analysis using the multistate model showed
that VAP patients infected with PA had higher mortality as compared to VAP patients
infected with Staphylococcus aureus 2°.

1.2.2. Antimicrobial resistance of Pseudomonas aeruginosa
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As PA is known for its high likelihood to develop multidrug resistance (MDR) mechanisms,
MDR isolates are becoming increasingly prevalent 3 and remain a great challenge in
VAP treatment. PA antimicrobial resistance mechanisms can be classified in intrinsic,
acquired and adaptive mechanisms 3.

Intrinsic antibiotic resistance refers to the low membrane permeability of PA. Itis reported
that the permeability of the outer membrane of PA is approximately 12- to 100-fold lower
compared with E. coli *2. Furthermore, the expression of bacterial efflux pumps can
facilitate ejection of B-lactams and fluoroquinolones, which are commonly used antibiotics
in hospitals 33 34 In addition, B-lactamase, an enzyme produced by PA, results in
inactivation of B-lactam antibiotics .

Acquired antibiotic resistance caused by genetic mutations that may influence PA-specific
porins (e.g., OprD) % or lead to aberrant overexpression of antibiotic efflux pumps 2,
enhancing antibiotic resistance capacity.

The adaptive antimicrobial resistance of PA refers to the capacity of biofilm formation and
biofilm-related phenotypic changes 3% %8, contributing to chronic and persistent PA
infection. For example, in the context of lung cystic fibrosis, PA may convert to a mucoid

phenotype that promotes biofilm formation and contributes to antimicrobial resistance .

1.2.3. Virulence factors of Pseudomonas aeruginosa
PA has several virulence factors that contribute to its pathogenicity. Figure 2 below
illustrates the major virulence factors of PA. The Type 3 secretion system (T3SS) enables
PA to directly inject toxins into host cells 4°, which is of relevance in acute PA infection 4
and is associated with poor clinical outcomes 2. ExoU, the most potent exotoxin secreted
by T3SS, is responsible for rapid loss of the plasma membrane integrity and the death of

host eukaryotic cells 43. Furthermore, PA ExoU is highly cytotoxic and can induce lung
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epithelial barrier injury in animal models #4. Pyocyanin, a blue-green pigment and exotoxin
of PA, is able to kill alveolar epithelial cells > and cause apoptosis of neutrophils 46.
Moreover, secretion of PA protease IV by PA can lead to degradation of host surfactant
proteins A and D, thereby impeding macrophage phagocytosis and contributing to PA
survival, colonization and disease severity 4’. The enzyme PA elastase can directly impair
lung epithelial barrier integrity 48 and cleave the host surfactant proteins A and D, resulting
in increased susceptibility to subsequent PA infection 4°. In addition, the PA flagellum

enables the bacteria to adhere to the airway epithelial cells *°.

Flagellum

Type lll secretion
Exo U

Extracellular Products
Proteases
Pyocyanin

Figure 2: P. aeruginosa with critical virulence factors (extracellular secretion products, flagellum,
Pyocyanin, Type lll secretion system, Exotoxin U (Exo U) (adapted from Sadikot et al. 2005 °%).

1.3. Risk factors of ventilator-associated pneumonia

Various risk factors are associated with the onset of VAP. Previous studies revealed that
increased duration of mechanical ventilation enhances the risk of VAP onset 2 53 5 A
comparative study reported that reintubation is another major risk factor of VAP %5
Furthermore, microaspiration of gastric contents is correlated with the occurrence of VAP
56 and reported as a major risk factor for pneumonia in critically ill patients who received

6



Introduction

mechanical ventilation 5. In addition, disorders of consciousness, burns, and
comorbidities (e.g., diabetes) are risk factors for VAP 585960 |nterestingly, a randomized
controlled trial revealed that patients with severe acute respiratory distress syndrome
exhibited a high incidence of VAP (28.9 %) °, complementing results of a multicenter
study where an increased risk of VAP was noted in patients with acute respiratory distress
syndrome 6. Hence, acute respiratory distress syndrome appears to be a critical factor

for the onset of VAP, while the specific underlying pathomechanisms are not known yet.

1.4. Acute respiratory distress syndrome

Acute respiratory distress syndrome (ARDS) is a severe respiratory complication,
characterized by acute onset of hypoxemia and bilateral lung infiltrates, that are not due
to cardiac pathogenesis (left atrial hypertension) 2. According to the 2012 Berlin definition,
the onset of ARDS must be considered to be within a week of a known clinical insult or
new or worsening respiratory symptoms 83, Symptoms of ARDS include severe dyspnea,
tachypnea, and cyanosis %4. In addition, bilateral opacities in chest imaging that cannot
be fully explained by pleural effusions, lung atelectasis and left ventricular failure are
necessary criteria for ARDS diagnosis 3. The severity of ARDS can be categorized into
three degrees based on the ratio of arterial oxygen partial pressure to fractional inspired
oxygen (PaO2:FiO2ratio) (mild: PaO2:FiO2, 201 to 300 mmHg; moderate: PaO2:FiO», 101
to 200 mmHg; severe: PaO:FiO2, <100 mmHg) 3. Additionally, a positive end-expiratory
pressure (PEEP) of 5 cmH2O or more is needed for accurate consideration of the
PaO2:FiO; ratio 3. Criteria for the Berlin definition of ARDS are summarized in Table 2

below.

Table 2 Berlin definition of ARDS
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Within 1 week after a known clinical insult or
Onset
new or worsening respiratory symptoms

Infiltrates on chest radiograph Bilateral opacities that cannot be fully explained

orCT by effusions, lobar/lung collapse or nodules

Categorization of severity:

Mild Pa0,:FiO2, 201 to 300 mmHg
Moderate PaO2:FiO,, 101 to 200 mmHg
Severe Pa02:FiO,, <100 mmHg

Left ventricular failure that cannot be simply
Heart failure
explained by clinical state

Specificity for diffuse alveolar ~ Autopsy: 45 % ©°

damage Biopsy: 58 % ©¢

Pneumonia, aspiration of gastric contents, and pulmonary contusion are major direct risk
factors of ARDS. Non-pulmonary sepsis, non-thoracic trauma or hemorrhagic shock,
pancreatitis and burn injury are the major indirect risk factors for the development of
ARDS ¢, The incidence of ARDS varies, with 34 cases/100,000 patients per year in the
USA 8 and around 5-8 cases/100,000 inhabitants in Europe %°. An observational study
conducted in 50 countries reported that ARDS was observed in 10.4 % of total ICU
patients and 23.4 % of severely ill patients who needed mechanical ventilation .

While an overall ARDS mortality in ICU and hospital of 42.7 % and 47.8 %, respectively
1 has been reported from large multicenter studies, an additional 22 % of patients died
within one year after hospital discharge 2. ARDS is characterized by the severe
impairment of the alveolar-capillary barrier, subsequent lung edema formation and
recruitment of innate (mostly granulocytes) and adaptive immune cells 73, worsening lung

inflammation and tissue injury. Furthermore, the occurrence of endothelial damage can
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cause vasomotor tone alteration and microthrombi formation 3. The inflammatory
exudate can lead to dysfunction of the alveolar surfactant and impair its production,
contributing to hyaline membrane formation and pulmonary compliance decrease, further
impairing gas exchange 3. According to the “baby lung” concept, the volume of aerated
lung regions with functional gas change is largely reduced in ARDS patients " 7>, In
consequence, despite a lung protective ventilation strategy, regional lung hyperinflation
may occur, worsening the preexisting lung injury; and is a condition that is simulated for
research in experimental animal models by applying high tidal volume to previously

healthy lungs 76 77: 78,

1.5. Ventilator-induced lung injury

MV is a life-saving medical intervention for patients with acute respiratory distress
syndrome. Nevertheless, an inappropriate MV strategy can cause lung injury in healthy
lungs or worsen pre-existing lung injury, a process termed ventilator-induced lung injury
(VILI). The following mechanisms account for the pathogenesis of VILI:

VILI induced by overventilation by high lung volumes is termed volutrauma 7°. Due to
regional over-distention in the aerated lung adjacent to atelectasis areas, even protective
tidal volume ventilation may result in alveolar-capillary barrier dysfunction, pulmonary
edema and air leaks 7. Importantly, the impaired lung barrier may contribute to the
translocation of intra-alveolar substances (e.g., inflammatory mediators and
lipopolysaccharides) to the systemic circulation and thereby cause multiple organ
dysfunction and death 7°.

The term atelectrauma refers to the process of cyclic opening and closing of atelectatic

but recruitable airways and alveoli & 8, leading to surfactant dysfunction 8 and regional
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hypoxia ’°. The atelectrauma may be particularly amplified in lungs of ARDS patients due
to the high tissue inhomogeneity 7°.

Lung stress is the internal force per unit area caused by mechanical ventilation &. The
term lung strain refers to the change of lung volume in response to the applied factor (e.g.,
tidal volume) 84. Both stress and strain are mechanical determinants of VILI . In the
context of atelectrauma, high stress and strain are produced at the margins between
aerated and collapsed airways during alveolar recruitment 8 83 8_|n severe ARDS,
injurious levels of stress and strain in the lung can be generated as a consequence of the
strongly reduced aerated lung volume &".

The term biotrauma summarizes the biological translation of the mechanical stress signal
by ventilation into a biological response including the release of inflammatory mediators
and recruitment of innate immune cells 7" 7% 8 also possibly affecting adjacent,
previously healthy lung sections 8. These mediators may directly damage lung tissue or
act as chemoattractants, further promoting the recruitment of inflammatory cells (e.g.,
neutrophils) to the lung 7°. Increased IL-1B in VILI was shown to contribute to alveolar
barrier dysfunction and promote neutrophil recruitment &. Furthermore, increased levels
of neutrophil chemoattractants MCP-1, CXCL-1 and MIP-2 were found in experimental
VILI models 778, The increased number of recruited neutrophils can further exacerbate
lung injury through the release of reactive oxygen species, elastase and neutrophil
extracellular traps 8 %91, In addition, activation of alveolar macrophages and recruitment
of Gr-1 (high) monocytes was reported in the context of VILI 92 %3,

When considering VILI as a major contributor for the onset and progression of ARDS 73
94,95 the term “lung protective ventilation” describes the attempt to set ventilator settings
to minimize VILI while optimizing gas exchange, which has improved remarkably during

the last decades through many clinical and experimental studies. First, since a landmark

10



Introduction

study in 2000 %, the concept of protective low tidal volume ventilation (6 mL/kg) and high
PEEP values (>5 cmH20) has been accepted worldwide, contributing to a decrease of
mortality in patients with ARDS 97, A combination of low tidal volume ventilation and
PEEP titration has been shown to limit overinflation of inhomogeneous lung areas and to
reduce the atelectrauma "°. Compared with lung protective ventilation strategy, abdominal
surgery patients ventilated with non-lung protective ventilation strategy (tidal volume of
10-12 mL/kg and PEEP of 0) had more complications (e.g., pneumonia and sepsis) and
longer hospital stay .

When patients are mechanically ventilated in supine position (lying on their backs), the
inflated lung area is more inhomogeneously distributed, particularly in patients with ARDS
9 while temporal prone positioning (lying on the abdomen) was found to promote a more
homogeneous lung inflation and redistribution of lung densities from dorsal to ventral lung
regions 19 101 |n 2013, a clinical trial demonstrated that early application of prone
positioning significantly decreased the mortality of patients with severe ARDS 102,
Possible mechanisms for the advantages of prone position may include increased end-
expiratory lung volume, improved regional ventilation and better matching of ventilation
and perfusion 7°. Pharmacologic interventions to limit VILI have often been successful in
experimental studies 1% 1% but have failed in clinical translation 10519, Only recently, the
administration of neuromuscular blocking agents was shown to improve the patient-
ventilator synchrony and thereby the 90-day survival of severe ARDS patients in a clinical

trial 107,

1.6. Experimental models of ventilator-associated pneumonia

Animal models are crucial to bridge between in vitro experiments and clinical studies,

enabling researchers to precisely understand cellular and molecular mechanisms in the
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pathophysiology of diseases. The aim of establishing animal VAP models is to imitate the
pathophysiologic and phenotypic characteristics of human VAP in a more controlled
setting 1. Compared with human VAP subjects, experimental models provide pure
pneumonia models without interference factors, such as comorbidities, previous infection
and prior use of antibiotics 1%°. Furthermore, experimental models render the possibility
to precisely investigate the role of the immune response including local and systemic
inflammation. In addition, sampling limitations that are usually encountered with human
cases can be prevented 1%, and the experimental process can be strictly controlled based
on the accurate timing of ventilation, infection and endpoints, so that natural variables in
the course of human VAP can be minimized 198 109,

In the last few decades, different animal models have been used to study the
pathophysiology and therapy of VAP in vivo. In the 1980s, baboon models were
established for bacteriological analysis of VAP 110. 111,112 "|n g porcine model, prolonged
mechanical ventilation (up to 4 days) led to the development of a spontaneous pneumonia
(mainly caused by common airway colonization microorganisms, e.g., Pasteurella
multocida and Streptococcus suis) 3. Furthermore, in another porcine model, it was
shown that mechanical ventilation following PA infection exacerbated pulmonary bacterial
growth and histopathological signs of pneumonia 4.

Due to the high homology of genomes between rodents and humans, murine models
have been becoming a preferred choice for translational pulmonary research %, Prior
studies aimed to establish experimental murine VAP-like models 11> 116. 117 tg study the
pathogenesis of VAP. In contrary to the pathophysiological sequence in humans, in these
studies, pneumonia was induced by bacterial inoculation followed by mechanical
ventilation. Verbrugge and colleagues proved that the use of PEEP (10 cmH20) could

reduce pneumonia severity in rats 5. In a murine pneumonia model with Staphylococcus
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aureus and E. coli, higher numbers of recruited neutrophils, increased levels of
inflammatory mediators (e.g., IL-6, TNF-a and CXCL-1) and increased alveolar-capillary
permeability were observed compared with animals subjected to bacterial infection alone
without MV 18, Tsay and colleagues showed that PA infection prior to MV increased the
level of VILI via the c-Jun N-terminal kinase (JNK) signaling pathway in the lung 7.
Furthermore, PA infection carried out with an acidic inoculation medium led to increased
neutrophil recruitment and release of inflammatory mediators, resulting in more severe
lung damage and increased bacterial load . However, in turn the neutrophil infiltration
per se may also decrease the pH of the microenvironment and thereby amplify the
inflammatory response 9, contributing to disease progression.

To examine the molecular effects in detail, mechanical ventilation can be modeled in vitro
by exposing cells to cyclic cell stretch 20 121122 pygin and collaborators showed that
cyclic stretch could lead to the acidification of the extracellular milieu via activation of the
Na*/K*-ATPase in alveolar epithelial cells and the resulting increased proton release may
favor the growth of various VAP pathogens (e.g., PA, Escherichia coli and Klebsiella

pneumoniae) %3,

1.7. Hypothesis

As described above, VAP is one of the most common ICU-acquired infections associated
with long hospital stay and high mortality. Prolonged mechanical ventilation is a major
risk factor responsible for the development of VAP %2, During mechanical ventilation,
particularly in ARDS patients, VILI can occur despite the use of lung protective ventilation.
Interestingly, mechanically ventilated patients with ARDS were shown to have
substantially lower airway pH measured in exhaled breath condensates (EBC) compared

to non ARDS patients 1?4125 and several in vivo and in vitro studies indicated a possible
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association of an acidic environment and VAP pathogen proliferation 8 123, Hence, we
hypothesized that VILI-induced alveolar lining fluid acidification may be associated with
the pathogenesis of VAP and may contribute to the disease onset and progression. The
present study aimed to establish a murine VAP model by instilling bacteria via the
endotracheal tube after mechanical ventilation. Using this novel approach that more
realistically mimics human pathologic sequence, the influence of MV on the onset and
progression of VAP was evaluated in vivo. Furthermore, additional ex vivo and in vitro
experiments were performed to characterize whether MV-induced acidification of alveolar

lining fluid may affect pneumonia severity.
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2. Materials and Methods

2.1. Materials

2.1.1. Instruments

Table 3 Instruments used in the course of experiments

Instrument Manufacturer Company location
Air flow bench Thermo Scientific USA
AMBIO Nikon Upright Spinning Nikon Japan
Disk Confocal S2 microscope

Autoclave Systec Germany
Centrifuge Thermo Scientific USA
CFX96 real-time PCR detection BIO-RAD USA
system

FACS Canto-lI BD Bioscience USA
Fiber Optic Laryngoscope System Welch Allyn USA
FX-5000™ Tension System Flexcell International USA
High pressure syringe (Model Penn-Century USA
No.FMJ-250)

Homeothermic Blanket System Harvard Apparatus USA
Incubator Heraeus Germany
Incubator hood Edmund Buhler Germany
Multiphoton Microscope LSM 780 Carl-Zeiss Germany
Multiskan™ FC Microplate Thermo Scientific USA
Photometer

pH Electrode Mettler-Toledo USA

pH meter 340 WTW Germany
Small animal ventilator (FlexiVent) SCIREQ Canada
Thermal cycler Biometra Germany
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Transmitted light brightfield Carl-Zeiss Germany
microscope

Vet ABC ™Hematology scil Germany
Analyzer

Water bath Julabo Germany

2.1.2. Consumables

Table 4 Consumables used in the course of experiments

Supplies Manufacturer Company location
p-Slide 8 Well ibidi Germany

20G IV cannula B. Braun Germany
Cassettes for histology Carl Roth Germany

Cell culture flask, T-75 SARSDEDT Germany

Cell culture plates Corning USA

Cell strainers (70um) Greiner Bio-One Germany
Columbia agar plate + 5% sheep BD USA

blood

Conical tubes (15ml, 50ml) Corning USA

Cuvettes SARSDEDT Germany
Eppendorf tubes SARSDEDT Germany

FACS tubes Corning USA
GentleMACS M Tubes Miltenyi Biotec Germany
Inoculation loop SARSDEDT Germany
K2EDTA tubes SARSDEDT Germany

Micro test plate, 96 well SARSDEDT Germany

Pipette tips Clearline/SARSDEDT France/ Germany
Sterican needles B. Braun Germany
Syringes (1ml, 5ml, 10ml) B. Braun/BD Germany/USA
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Type IV collagen coated 6-well

BioFlex plate

Dunn Labortechnik

Germany

2.1.3. Reagents and chemicals

Table 5 Reagents and chemicals used in the course of experiments

Reagents Manufacturer Company location
3,3',5,5'-Tetramethylbenzidine Thermo Scientific USA
solution

4% paraformaldehyde NeoFroxx Germany
4' 6-Diamidino-2-phenylindole Merck KGaA Germany
dihydrochloride

Bovine Serum Albumin Sigma-Aldrich USA
Collagenase Biochrom Germany
CountBright™ Absolute Thermo Scientific USA
Counting Beads

Dimethyl sulfoxide PanReac AppliChem Germany
DNAse PanReac AppliChem Germany
Ethanol Carl Roth Germany
Fentanyl Hexal AG Germany
Flumazenil hameln pharma Germany
Glycerol

Hanks' Balanced Salt Solution Thermo Scientific USA

HCI PanReac AppliChem Germany
Heparin Ratiopharm Germany
Hydrogen peroxide Sigma-Aldrich USA
Ketamine Cp-pharma Germany
Medetomidine Cp-pharma Germany
Midazolam Hexal AG Germany
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NaOH Carl Roth Germany
PBS Gibco UK
pHrodo™ Red Dextran (10.000 Thermo Scientific USA
MW)
Protease Inhibitor Cocktail Roche Diagnostics Germany
Revertor Cp-pharma Germany
Saline B. Braun Germany
Triton X-100 Sigma-Aldrich USA
TRIzol Thermo Scientific USA
Tryptic Soy Broth BD USA
Tween-20 Fisher Bioreagents Germany
Xylazine Cp-pharma Germany
2.1.4. Kits

Table 6 Kits used in the course of experiments

Kit Manufacturer Company location
DC protein assay BIO-RAD USA
High-Capacity cDNA Reverse Thermo Fisher Scientific USA

Transcription Kit

LEGENDplex™ Mouse BioLegend USA

Inflammation Panel

LEGENDplex™ Mouse BioLegend USA

Proinflammatory Chemokine Panel

Luminaris Color HiGreen USA
Mastermix Thermo Fisher Scientific

Mouse Albumin ELISA Quantitation Biomol Germany
RNA mini prep kit Zymo Research USA
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2.1.5. Media and solutions

Table 7 Media and solutions used in the course of experiments

Reagent Manufacturer Company location
Fetal bovine serum Capricorn scientific Germany
Penicillin/Streptomycin Gibco UK

RPMI-1640 Gibco UK

2.1.6. Antibodies for immunofluorescence

Table 8 Antibodies used for immunofluorescence experiments

Antibody Manufacturer Company location
Anti-Alexa Fluor 546 Thermo Fisher Scientific USA
Phalloidin
Anti-GFP Polyclonal Thermo Fisher Scientific USA
Antibody Alexa Fluor 488
2.2. Methods

2.2.1. In vivo experiments
2.2.1.1. Ethical statement
All animal experiments were ethically approved by the governmental animal welfare
authorities (Landesamt fiur Gesundheit und Soziales Berlin, application number:

G0291/16).

2.2.1.2. Pseudomonas aeruginosa storage, culture and preparation
In vivo:
The Pseudomonas aeruginosa strain 103 (PA103) (American Type Culture Collection
(ATCC), #29260) was frozen in Tryptic Soy Broth (TSB) medium (BD Biosciences; USA)

containing 20 % glycerol at -80 °C for long-term storage. Prior to use, the bacteria were
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inoculated on Columbia agar plates containing 5 % sheep blood (BD Bioscience; USA)
and incubated at 37 °C and 5 % CO: overnight. The next day, 2-3 single colonies were
sterilely inoculated into the TSB and allowed to grow at 37 °C for 2 h with shaking until
the optical density (ODeoo) of bacterial suspension reached 1.0-1.5. The PA103
suspension was then centrifuged at 800 g for 15 min at room temperature (RT). After
centrifugation, the supernatant was discarded, followed by bacterial pellet resuspension
using sterile phosphate buffered saline (PBS) (Gibco; UK), followed by centrifugation (800
g, 15 min, RT). Subsequently, the supernatant was discarded, and the PA pellet was
resuspended in sterile PBS for further serial dilution. For calculating the bacterial
concentration, ODsoo = 1 corresponds to 5.62x108 colony forming units (CFUs) per mL.
Bacteria were serially diluted with sterile PBS to reach the required concentration for
infection.

In vitro:

The green fluorescent protein-Pseudomonas aeruginosa PAO1 (GFP-PAO1), purchased
from Prof. Susanne Hauller (TWINCORE; Germany), was used for in vitro infection.
GFP-PAO1 was stored, cultured and prepared as described above for PA103. For

calculation of bacterial concentration, ODsoo = 1 corresponds to 1.0x10° CFUs per mL.

2.2.1.3. Mice
For the in vivo experiments, female specific-pathogen-free (SPF) C57BL/6J mice (8-11
weeks; 18-20 g; Charles River; Germany) were used. Mice were kept in sterile cages with
food and water ad libitum. For acclimation, mice were housed in the animal facility (12/12
h light dark cycle, 20-23 °C and 40-60 % humidity) for more than 1.5 weeks. All handling

and sampling operations were carried out under sterile conditions.
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2.2.1.4. Mechanical ventilation

The mechanical ventilation applied to mice was performed as previously described 7. In
brief, mice were anaesthetized intraperitoneally with fentanyl (75 pg/kg), midazolam (1.5
mg/kg), and medetomidine (0.75 mg/kg). Mice were then endotracheally intubated with a
20G IV cannula (B. Braun; Germany) and connected to a small animal ventilator
(FlexiVent; Scireq; Canada). During MV, fentanyl (16 ug/kg), midazolam (0.33 mg/kg) and
medetomidine (0.16 mg/kg) were applied through an intraperitoneal catheter to maintain
sedation when required. Body temperature was retained at 37 °C by using a
homeothermic blanket system (Harvard Apparatus; USA) and a urinary catheterization
was performed to collect urine and avoid urinary retention. After connecting intubated
mice to the ventilator, the airway pressure was increased to 27 cmH2O for 6 seconds to
carry out the initial recruitment maneuver. Mice were mechanically ventilated using the
following ventilation settings:

e High tidal volume (HVt) ventilation

In this group, mice were ventilated for 4 h with a tidal volume of 34 mL/kg, respiratory

rate of 69 per min, inspiration-to-expiration ratio (I:E) of 1:1, FiO> of 50 % and PEEP

of 2 cmH:20.

e Low tidal volume (LVt) ventilation

In this group, mice were ventilated for 4 h with a tidal volume of 9 mL/kg, respiratory

rate of 160 per min, IE ratio of 1:1, FiO2 of 50 % and PEEP of 2 cmH20. In order to

avoid atelectasis, deep inflation (27 cmH20O for 1 second) was carried out every 5 min.

e Non-ventilated (NV) control

In this group, after the initial recruitment maneuver, mice were attached for 10 min

only using the settings of the LVt group to generate a baseline control.
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2.2.1.5. Infection
After MV, mice were weaned from the ventilator, and subsequently 20 pL PA103
suspension (5x10* CFUs/mouse) was instilled through the endotracheal cannula. Sham-
infected groups were treated with 20 pL sterile PBS in the same manner as the PA-
infected mice. After infection, sedation was antagonized by intraperitoneal injection of
flumazenil (0.5 mg/kg) and antipamezol (5 mg/kg). Mice were then extubated and allowed
to breath spontaneously for 24 h. The endpoint of this experiment was 24 h post infection.
Clinical symptoms (body temperature and weight) were monitored every 12 h until the

endpoint of this experiment.

2.2.1.6. Lung function measurement

Lung compliance is calculated as the change in lung volume in relation to the change in

pressure (AV/AP) 8, a parameter indicating the flexibility of lung tissue during

physiological stretch in respiration. As the reciprocal of compliance, lung elastance

(AP/AV) represents the stiffness of the lung 8. Characteristically, ARDS patients exhibit

a pathological decrease in lung compliance *%¢. Inspiratory capacity is the maximum
volume of air that can be inhaled into the lungs after the end of normal expiration and
indicates the limit of lung expansion %7,

During MV, dynamic lung elastance and resistance were measured and recorded every
5 min by using forced oscillation techniques. The initial recruitment maneuver was
performed immediately after mice were connected to the ventilator and the terminal
recruitment maneuver was carried out 5 min before the end of MV. During the initial and
final recruitment maneuvers, static lung compliance and inspiratory capacity were

measured and recorded. Experimental design of the in vivo experiments is shown below.
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Infection
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Figure 3: Experimental design of the in vivo experiment. Mice were anaesthetized, intubated and
mechanically ventilated with HVt (34 mL/kg), LVt (9 mL/kg) for 4 h or ventilated for 10 min (LVt) as NV
control. Pulmonary function parameters were measured during MV. After MV, either PA103 or sterile
PBS was instilled intratracheally and mice were extubated and left breathing spontaneously for 24 h.

Mice were euthanized and sampling was performed 24 h post infection.

2.2.1.7. Mice plasma preparation and blood leukocyte quantification
Twenty-four hours postinfection, mice were anaesthetized intraperitoneally with 80 mg/kg
ketamine and 25 mg/kg xylazine. Blood was drawn from the vena cava using heparin
coated syringes and kept in ethylenediaminetetraacetic acid (EDTA) tubes to prevent
coagulation. Blood was then centrifuged at 1050 g for 10 min at 4 °C and the supernatant
(plasma) was collected and frozen at -80 °C for further analysis. A scil Vet abc™
hematology analyzer (scil animal care company GmbH; Germany) was used to

differentiate and quantify blood leukocytes.

2.2.1.8. Broncho-alveolar lavage and lung preparation

23



Materials and Methods

Mice were anaesthetized 24 h post infection. Tracheotomy was carried out and the
trachea was cannulated with an 18-gauge needle. Broncho-alveolar lavage (BAL) was
performed once with chilled 800 pL sterile PBS containing protease inhibitors (1 tablet/10
mL; complete Mini; Roche diagnostics GmbH; Germany). The BAL was then centrifuged
at 1000 g for 10 min at 4 °C and supernatant (BAL fluid, BALF) was collected and stored
at -80 °C for further experiments. Cell pellets were resuspended in sterile PBS for cell
cytometry. An 18-gauge needle was inserted into the right atrium of the mouse heart and
lungs were flushed by injecting 500 pL chilled saline (B. Braun; Germany) to wash out
residual blood in the pulmonary vascular system. The left lung was then harvested and
stored at -80 °C for the quantitative reverse transcription polymerase chain reaction (qQRT-
PCR) and protein quantification. Right lung lobes were divided into two parts - one part
was homogenized for bacterial load determination, and the other part was used for cell

cytometry.

2.2.1.9. Bacterial load determination
Mice were sacrificed 24 hours after infection. BAL and blood were prepared as previously
described. Half of the right lung, liver (one lobe) and spleen were harvested and
homogenized in sterile PBS through a cell strainer (70 ym, Greiner Bio-One; Germany).
Subsequently, serial dilutions of these samples were carried out, each plated on
Columbia agar plates containing 5 % sheep blood (BD Bioscience; USA) and incubated

overnight at 37 °C and 5 % CO». CFUs were counted and calculated the following day.

2.2.1.10. Mouse albumin ELISA
To assess the impact of VILI and subsequent PA pneumonia on the alveolar-capillary

permeability, aloumin concentrations in BALF and plasma were determined using the
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mouse albumin ELISA kit (Bethyl; Germany) according to the manufacturer’s instructions.
BALF and plasma were prepared as previously described. Briefly, a 96-well flat-bottom
plate was coated with affinity purified antibody (1:100 dilution) overnight. After incubation,
the liquid was discarded and the plate was washed five times with wash buffer. After
washing, blocking solution was added and the plate was blocked for 30 min at RT. To
ensure that the OD values of each sample were detectable and within the linear range of
the standard curve, different sample dilutions were performed depending on the sample
type (detailed dilution information is provided in Table 9). After preparation of the
standards and samples, each was loaded onto the plate and incubated at RT for 60 min.
The plate was then washed five times with wash buffer again and incubated with
streptavidin-horseradish peroxidase conjugated detection antibody (1:75,000 dilution) for
1 h at RT in darkness. After incubation, the plate was washed and the TMB substrate
solution was loaded for 10 min incubation in darkness. Finally, the stop solution (H2SO4)
was added and ODaso values of each sample were measured using the Multiskan™ FC
Microplate Photometer (Thermo Scientific; USA). The standard curve was used to
guantify the OD of each sample and the albumin concentration was calculated and
expressed as ng/mL. The albumin BALF/plasma ratio was used to evaluate alveolar-
capillary permeability.

Table 9 Dilution information for mouse albumin ELISA

experimental
infection sample dilution factor
groups
HVt PA103 BALF 1:20,000
LVt PA103 BALF 1:20,000
NV PA103 BALF 1:20,000
HVt PBS BALF 1:5,000
LVt PBS BALF 1:1,000
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NV PBS BALF 1:1,000

The plasma dilution factor was 1:500,000.

2.2.1.11. Cytokine and chemokine quantification
BALF and plasma were prepared as described above. The concentrations of
inflammatory cytokines (IL-6, IL-10, IL-1a, IL-1B3, IFN-y and GM-CSF) and chemokines
(MCP-1, CXCL-1, CXCL-5, MIP-1a, MIP-1B and eotaxin) in BALF and plasma were
guantified by a multiplex bead-based immunoassay technique (LEGENDplex™,;
BioLegend; Germany) according to the manufacturer’s instructions. Briefly, standards
were diluted (1:4 dilution) with assay buffer from the highest concentration (10,000 pg/mL)
to the lowest concentration (2.4 pg/mL). Plasma was diluted (1:2 dilution) with assay
buffer. Subsequently, assay buffer was added onto a V-bottom plate followed by the
standards and sample loading. For the measurement of inflammatory mediators in
plasma, the Matrix C solution and assay buffer were added to the standard wells and
sample wells, respectively, and then the standards and plasma samples were loaded.
After this step, customized-mixed beads were loaded and the plates were shaken at 800
rpm at 4 °C overnight. The next day, the plates were washed twice with wash buffer and
incubated with biotinylated detection antibodies for 1 h at RT with shaking. Subsequently,
the Streptavidin-phycoerythrin fluorochrome was added and the plates were incubated
for 30 min at RT on a shaker (IKA-Werke; Germany). Thirty minutes later, the plates were
washed twice and the results were read with the fluorescence-activated cell sorting
(FACS) Canto Il (BD Bioscience; Germany). Data were further analyzed with

LEGENDplex data analysis software (BioLegend; Germany).
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2.2.1.12. Flow cytometry
Flow cytometry was used to differentiate and quantify leukocytes in BAL and lung as
previously described #7. Cell pellets from BAL were prepared as previously described
and resuspended in 100 uL sterile PBS for flow cytometry. Lungs were flushed as
described above and half of the right lung was carefully harvested. Lungs were incubated
with plain RPMI-1640 medium containing DNase | (0.33 mg/mL, AppliChem GmbH;
Germany) and collagenase (1 mg/mL, Biochrom GmbH; Germany) at 37 °C for 30 min.
After digestion, lungs were homogenized in pre-heated plain RPMI-1640 medium through
a cell-strainer (70 um, Greiner Bio-One; Germany) to prepare a single cell suspension
followed by centrifugation (480 g, 5 min, 4 °C). Cell pellets were then resuspended in
sterile PBS for flow cytometry. Prior to staining, surface blocking antibody (shown in Table
10) was added and samples were incubated on ice for 3 min. Subsequently, cell surface
staining antibody mix (shown in Table 11) was added and samples were incubated for 20
min at 4 °C in darkness. Samples were washed (centrifugation: 480 g, 5 min, 4 °C) and
the supernatant was discarded. 1 % paraformaldehyde (PFA) was added for fixation and
cells were incubated at 4 °C overnight. Afterwards, cells were washed again and
resuspended in 100 uL FACS buffer (0.5 % bovine serum albumin (BSA) in PBS).
Counting beads (CountBright™ Absolute Counting Beads, Thermo Fisher Scientific; USA)
were added to quantify the absolute numbers of leukocytes. Results were acquired using
the FACS Canto Il (BD Bioscience; Germany). Data were further analyzed with FlowJo

software (Ashland; USA).

Table 10 Surface blocking antibody

antibody company amount in 100 pyL staining volume (uL)

anti-CD16/32 (Fc | BD

block) Bioscience
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Table 11 Mixture of cell surface staining antibodies

amount in 100 pL

antibody color company
staining volume (uL)

anti-CD11c

APC (Cy5) BD 0.4
(N418)
anti-CD11b (M1/70) PE-Cy7 eBioscience 0.5
anti-F4/80 (BM8) PE eBioscience 0.8
anti-CD45 (30-F11) FITC BD 0.25
anti-Ly6G (1A8) PerCP-Cy5.5 | BD 0.5
anti-Ly6C (HK1.4) BV510 BioLegend 0.5
anti-MHCII (M6/114.15.2) AF700 eBioscience 0.15

anti-SiglecF (IRNM44N) | BV421 (V450) | eBioscience 0.8

FACS buffer 16.1

2.2.1.13. Total RNA isolation
Total RNA of lung was extracted using a RNA mini prep kit (Zymo Research; Germany)
according to the manufacturer’s instructions. Briefly, lungs were flushed as previously
described. Half of the flushed left lungs was suspended in TRIzol (Thermo Fisher
Scientific; USA) and homogenized using a gentleMACS Dissociator (Miltenyi Biotech
GmbH; Germany). The suspension was transferred into RNase-free Eppendorf tubes and
centrifuged at 13000 g for 1 min at RT. After centrifugation, supernatants were carefully
transferred into RNase-free Eppendorf tubes and thoroughly mixed with 100 % ethanol.
The mixture was then transferred into Zymo-spin columns followed by centrifugation
(13000 g, 30 seconds, RT). To remove residual DNA, DNA was digested with DNase | at
RT. After 15 min of incubation, columns were washed twice with RNA pre wash solution
and then washed once with RNA wash buffer. Thirty microliters of DNase/RNase-free

water was then added to the column matrix and centrifuged at 13000 g for 1 min at RT
28



Materials and Methods

for eluting RNA. Extracted RNA samples were stored at -80 °C for further use. The purity
and concentration of RNA was determined using NanoDrop2000 (Thermo Fisher

Scientific; USA).

2.2.1.14. cDNA transcription
cDNA was synthesized using a High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific; USA) by following the manufacturer’s instructions. Firstly, cDNA reverse
transcription master mix (Thermo Fisher Scientific; USA) was prepared (details are given
in Table 12) and 10 uL of master mix was added to 10 uL RNA (after normalization).
Reverse transcription was performed in a thermal cycler (Biometra; Germany) using the
following program: 10 min at 25 °C, 120 min at 37 °C and 5 min at 85 °C. Subsequently,
cDNA samples were diluted with DNase/RNase-free water (1:10 dilution) and stored at -

20 °C for further use. All steps were carried out on ice.

Table 12 cDNA reverse transcription master mix

component volume (uL)
reverse transcription buffer (10X) 2.0
dNTP mix (25X) 0.8
reverse transcription random primers (10X) 2.0
reverse transcriptase 1.0
nuclease-free water 4.2

2.2.1.15. Quantitative reverse transcription polymerase chain reaction
(qRT-PCR)

In brief, all cDNA samples were thawed on ice. For each gene, 4 uL of cDNA was added

to 5 uL SYBR green and 1 uL respective primer to prepare the gRT-PCR master mix (total

reaction volume: 10 pL). The prepared master mix was then loaded onto 96-well plates
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and gRT-PCR was carried out on a CFX96 real-time PCR detection system (BIO-RAD;
Germany). The reaction conditions are shown in Table 13. To normalize data, the
expression of GAPDH was used as endogenous control. The relative mRNA expression
levels of inflammatory cytokines (IL-1a, IL-13, IL-6, IL-10 and TNF-a) and chemokines
(MCP-1 and CXCL-5) of experimental groups were calculated as fold change to the NV-
PBS control group (AAct) using the 224t method.

Table 13 gRT-PCR condition

name temperature (°C) duration number of cycles
UDG pre-treatment 50 2 min 1

initial denaturation 95 10 min 1

denaturation 95 15 sec 40

annealing 60 1 min 40

extension 60 1 min 40

2.2.1.16. Histopathology
Twenty-four hours post infection, mice were anaesthetized and euthanized by
exsanguination via the vena cava. To avoid collapse of the alveoli, the trachea was ligated
and the whole lung with trachea was carefully harvested and fixed in 4 % PFA solution
(pH 7.0). The thymus, heart, liver, spleen, stomach, intestines, right kidney with adrenal
gland and brain were harvested and fixed in 4 % PFA for a maximum of 48 h. After fixation,
lungs and other organs were embedded in paraffin and cut into 2-um-thick sections. The
working steps of embedding, cutting, dewaxing, hematoxylin and eosin (H&E) staining,
representative image acquisition and histopathologic severity evaluation were performed
by Dr. Theresa Firsching (Institute of Veterinary Pathology, Freie Universitat Berlin, Berlin,
Germany), who was blinded to the experimental groups. All scoring parameters (total lung
inflammation, polymorphonuclear cell infiltration, hemorrhage severity, perivascular
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edema severity, alveolar wall damage severity, alveolar edema severity, macrophages
infiltration and necrosis severity) were rated as 0: nonexistent, 1. minimal, 2: mild, 3:

moderate, 4: severe.

2.2.2. In vitro experiments
2.2.2.1. Cell culture
Human A549 cells (ATCC #CCL-185) were cultured in RPMI-1640 medium (Gibco; UK)
supplemented with 10 % fetal calf serum (FCS) (Capricorn Scientific GmbH; Germany)
and 1 % Penicillin / Streptomycin (P/S) (Gibco; UK). Cells were grown in a humidified
incubator at 37 °C with 5 % CO.. Cell splitting was performed when cell confluence

reached 90 %. Cells at passage 8 were used for further experiments.

2.2.2.2. A549 cell cryopreservation
After removal of culture medium, cells (at passage 5) were washed with sterile PBS and
trypsinized at 37 °C and 5 % CO: for 5 min. Cells were then centrifuged at 300 g for 5
min at RT. After discarding the supernatant, cell pellets were resuspended in
cryopreservation medium with 30 % FCS and 10 % Dimethyl Sulfoxide to a concentration
of 1x10%mL. Subsequently, 1 mL cell suspension was added into the stock vials and the
vials were placed into the freezing container with isopropyl to guarantee gentle freezing
of the cells. The next day, the stock vials were stored at -80 °C for long-term use. Cell
counting was performed using the Neubauer chamber. All steps were carried out under

strict sterile conditions.

2.2.2.3. Cell thawing
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The frozen stock vial was thawed in a 37 °C water bath. The cell suspension was
transferred into a centrifuge tube containing pre-warmed complete culture medium and
cells were then centrifuged at 300 g for 5 min at RT. Subsequently, the supernatant was
removed and cell pellets were resuspended in pre-warmed medium. The cell suspension

was then added to culture flasks for further experiments.

2.2.2.4. Cell cyclic stretch
The cell stretch (CS) was carried out using the FX-5000™ Tension System (Flexcell
International; USA). Before CS, 5 x 10° cells were seeded onto type IV collagen coated
6-well BioFlex plates (Dunn Labortechnik; Germany). Cells were maintained in complete
culture medium and incubated at 37°C and 5 % CO2for 24 h until a single cell monolayer
was formed. Subsequently, the cell culture medium was replaced with 1 mL fresh
antibiotic-deprived culture medium and the plates were transferred into a customized
incubator (37 °C, 5% CO,) containing the CS system. CS was performed using the
following settings: elongation of 18 %, frequency of 20 cycles/min, duration of 24 h and
stretch/relaxation ratio of 1:1. The non-stretched (NCS) control plates were kept in static
condition in the same incubator. After CS, cell-free supernatant from each condition was
collected, respectively, for further experiments. The pH of the supernatant was
determined with a fine pH-electrode (Mettler Toledo InLab Semi-Micro; USA). The
collected supernatant was used as either CS medium or NCS medium for subsequent
infection experiments. Thereafter, cells on the BioFlex plates were trypsinized,

resuspended in medium, counted and collected for infection.

2.2.2.5.Green fluorescent protein-Pseudomonas aeruginosa PAOl

preparation and infection
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The GFP-PAO1 was cultured and prepared as described earlier (see 2.2.1.2). After CS,
cells were seeded onto 8 well ibidi p-slides (1x10° cells/well; ibidi GmbH; Germany),
combined with the previously harvested cell-free supernatant (1x10° cells per well) and
allocated into the following groups: stretched cells with stretched acidified medium,
stretched cells with non-stretched medium, non-stretched cells with stretched acidified
medium and non-stretched cells with non-stretched medium (detailed experimental
design is shown in Figure 4). Cells were then allowed to attach for 2 h and infected with
20 yL GFP-PAOL1 suspension at the multiplicity of infection (MOI) of 10 for 4 h. After
infection, media were discarded and cells were washed with sterile PBS three times for

immunofluorescence staining.

Cyclic stretch (CS) vs. control (NCS)
|

A549 |
cells 1 1
Oh 24h
1

supernatant & cell collection
allocation & attachment

— ===
L staining
I )l imaging
Oh 4h

f

GFP-PAO01 infection

Figure 4. Experimental design of the in vitro experiment. A549 cells were exposed to either cyclic
stretch (CS) or non-stretched (NCS) conditions. A549 cells were then infected with GFP-PAOL1 in
stretched or non-stretched medium (M) (epithelial lining fluid) for 4 h, washed and cells/adhering

bacteria were stained with Phalloidin, DAPI and anti-GFP for immunofluorescence.

2.2.2.6. Immunofluorescence microscopy
After washing, cells were fixed with 3 % PFA for 20 min at RT followed by three times of

washing and permeabilization (1 % Triton X-100 (Sigma-Aldrich; USA), 15 min). Cells
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were then washed once with PBS and blocked with 5 % rabbit serum (MerckKGaA;
Germany) for 30 min. Subsequently, cells were stained with Alexa Fluor 546 Phalloidin
(1:50 dilution, Thermo Fisher Scientific; Germany) overnight and then stained with
secondary antibody (GFP Polyclonal Antibody, Alexa Fluor 488, 1:500 dilution, Thermo
Fisher Scientific; Germany) overnight. The next day, cell nuclei were stained with 4',6-
Diamidino-2-phenylindole dihydrochloride (DAPI) (1: 10,000, Merck KGaA; Germany) for
10 min and maintained in sterile PBS at 4 °C until microscopic analysis. The Multiphoton
Microscope LSM 780 (Carl Zeiss Microscopy GmbH; Germany) was used for microscopy.
At least ten (3x3) tile scans were taken from each well to calculate the bacteria to cell

ratio. Images were taken at 63x magnification.

2.2.2.7. Green fluorescent protein-Pseudomonas aeruginosa PAO1 growth
experiments

To prepare acidified or alkalized media, hydrochloric acid (HCI) or sodium hydroxide
(NaOH) was instilled into pre-warmed RPMI-1640 medium supplemented with 10 % FCS.
Untreated medium served as control. The pH of media was measured as previously
described. Prior to the experiment, PAO1 was inoculated and cultured as described
earlier. The next day, two bacterial single colonies were inoculated into acidified,
untreated and alkalized media, respectively, and bacteria were allowed to grow for 5 h at

37 °C with shaking. During shaking, the ODsoo of bacterial suspension was measured

every 30 min for the growth curve. For further experiments, 20 uL PAO1 suspension
(described earlier) was added into acidified, untreated and alkalized media, respectively,
at the MOI of 0.1, 1, 5 and 10, and incubated in a humidified incubator at 37 °C with 5 %
CO2 for 24 h. After incubation, serial dilution of each sample was performed. Thereatfter,

all diluted samples were plated on Columbia agar plates with 5 % sheep blood (BD
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Bioscience; USA) and incubated at 37 °C and 5 % CO: overnight. CFUs were counted

and calculated on the following day.

2.2.3. Ex vivo experiment
2.2.3.1.Isolated perfused mouse lung ventilation and imaging
Male SPF C57BL/6J mice (28-30 weeks; 29-31 g; Janvier; France) were intraperitoneally
euthanized with ketamine (80 mg/kg) and xylazine (25 mg/kg). Subsequently, mice were
subjected to tracheotomy, MV, sternotomy and cannulation of the pulmonary artery and
left atrium. Mice were mechanically ventilated with the following ventilation settings:
e HVt ventilation
Mice were ventilated for 2 h with a tidal volume of 20 mL/kg, respiratory rate of 90
per min, I:E of 1:2, FiO of 21 % and PEEP of 0 cmH-0.
e LVtventilation

Mice were ventilated for 2 h with a tidal volume of 9 mL/kg, respiratory rate of 150

per min, I:E of 1:2, FiO, of 21 % and PEEP of 0 cmH-0.
During MV, lungs were constantly perfused with pre-warmed Hanks’ balanced salts
solution supplemented with 4 % BSA through the pulmonary artery catheter. After 2 hours,
lungs with trachea were carefully extracted from the thorax. Subsequently, 50 uL of pH-
sensitive indicator with red fluorescence (0.2 pug/pL, 1:5 dilution, Molecular Probes™
pHrodo™ Red Dextran, Thermo Fisher; Germany) was applied via the tracheotomy
cannula using a high pressure syringe (model No.FMJ-250, Penn-Century; USA).
Subsequently, lungs were carefully transferred to a microscope stage, inflated with the
gas mixture (N2 75 %, O2 20 %, CO2 5 %) and prepared for microscopy under constant
pressure (18 mmHg). A Nikon upright spinning disk confocal S2 microscope and NIS-

Elements AR V.5.21.02 software (Nikon; Japan) were used to capture images. At least 9
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images from three independent experiments were analyzed. Images were taken at a
magnification of 25x. Alveolar brightness was assessed with Fiji software (ImageJ; USA).
Data were normalized in relation to the brightest alveolus of each scan and alveolar

brightness was calculated. The numbers of alveoli for each intensity (0.1 to 1.0) were

guantified.
HVt/LVt ventilation
I ! 1
——— »| imaging
oh Lung perfusion 2h
Lung preparation pH indicator
instillation

Figure 5: Experimental design of the ex vivo experiment. Mice lungs were isolated, perfused and
mechanically ventilated for 2 h with high tidal volume (HVt 20 mL/kg) or low tidal volume (LVt 9 mL/kg).
At the end of MV, a pH-sensitive indicator with red fluorescence (0.2 pg/ul, Molecular Probes™
pHrodo™ Red Dextran, Thermo Fisher, Berlin, Germany) was applied into the lungs using a micro-
sprayer. Lungs were prepared for microscopy and alveolar brightness was calculated for evaluation
of pH alterations.
2.2.4. Data analysis
Statistical analysis was performed using GraphPad Prism 8.00 (San Diego, CA, USA).
Data are presented as mean with SEM or box-and-whisker plots depicting median,
guartiles and range excluding outliers (open circles). Wilcoxon matched-pairs signed rank
test or Mann-Whitney U test were used for comparison between two groups. Two-way
ANOVA with Sidak’s multiple comparisons test or multiple Mann-Whitney U tests followed
by Bonferroni-Holm correction were applied for multiple comparisons. CFU data were
logarithmized and one-way ANOVA with Sidak’s multiple comparisons test was applied

for data comparison. P-values of P<0.05 were considered statistically significant with

*P<0.05, *P<0.01, ***P<0.001.
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3. Results

3.1. High tidal volume ventilation resulted in deterioration of

pulmonary function

To assess whether VILI was successfully induced by HVt MV, we analyzed lung function
at the beginning and termination of MV. During MV, lung function parameters (mean
airway pressure (MAP)), static lung compliance, dynamic lung elastance and inspiratory
capacity) were measured. HVt mice showed a constant and gradual increase of MAP,
whereas the MAP of LVt mice remained stable (Figure 6 A). At the end of 4 h MV, mice
subjected to HVt exhibited a significant increase in dynamic lung elastance and
inspiratory capacity as well as a substantial decrease in static lung compliance compared
with LVt mice. All lung function parameters of LVt mice were improved after MV (Figure

6 B-D).
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Figure 6: High tidal volume ventilation resulted in deterioration of pulmonary function. Mice were
mechanically ventilated for 4 h with either high tidal volume (HVt 34 mL/kg), low tidal volume (LVt 9
mL/kg), or ventilated for 10 min using LVt ventilation settings (non-ventilated control group, NV). (A)
Mean airway pressure (MAP) was constantly measured during MV. (B) Dynamic lung elastance, (C)
inspiratory capacity and (D) static compliance were measured by recruitment maneuvers at the
beginning (0 h) and end of ventilation (4 h). Data are expressed as either mean and SEM (A) or
represented as boxplots (B-D) showing median, quartiles and ranges excluding outliers (open circles);
n = 19 each group. (A), **p<0.001 (two-way repeated measures ANOVA). (B-D), **p<0.01,

***pn<0.001 (Wilcoxon matched-pairs signed rank test). HVt, high tidal volume; LVt, low tidal volume;

LVt

MAP, mean airway pressure.
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3.2. High tidal volume ventilation caused lower body temperature in

subsequent Pseudomonas aeruginosa pneumonia

Next, this study investigated whether VILI induced by HVt MV could increase
susceptibility to the onset and development of subsequent PA pneumonia. Twenty-
four hours post infection, the body temperature of HVt-PA mice was significantly

decreased compared to all other groups (Figure 7).
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Figure 7: High tidal volume ventilation caused lower body temperature in subsequent Pseudomonas
aeruginosa pneumonia. Mice were mechanically ventilated for 4 h with either high tidal volume (HVt
34 mL/kg), low tidal volume (LVt 9 mL/kg), or ventilated for 10min using LVt ventilation settings (non-
ventilated control group, NV). After mechanical ventilation, mice were weaned from the ventilator and
then infected with either PA103 or sterile PBS. After infection, mice were extubated and left
spontaneously breathing until the endpoint. Body temperature was measured before MV and 24 h
post infection. n = 5 (NV-PBS), n =5 (LVt-PBS), n =5 (HVt-PBS), n = 10 (NV-PA), n = 14 (LVt-PA), n
= 10 (HVt-PA). Data are expressed as mean and SEM. ***p<0.001 between indicated groups,
##0p<0.001 compared with HVt-PBS group (two-way ANOVA and Sidak’s multiple comparisons test).
HVt, high tidal volume; LVt, low tidal volume; NV, non-ventilated; PA, Pseudomonas aeruginosa; PBS,

phosphate buffered saline.

39



Results

3.3. High tidal volume ventilation led to more severe lung barrier

disruption in subsequent Pseudomonas aeruginosa pneumonia

To evaluate the permeability of the lung barrier after MV and subsequent PA infection,
the mouse albumin BALF/plasma ratio and total protein concentration in BALF were
determined and analyzed. The results showed that the albumin BALF/plasma ratio was
strongly increased in HVt-PA mice 24 h post infection as compared to all other groups
(Figure 8). Notably, 24 h post infection, mice that were subjected to MV and subsequent

PBS sham-infection did not show any significant changes of lung permeability (Figure 8).
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Figure 8: High tidal volume ventilation led to more severe lung barrier disruption in subsequent
Pseudomonas aeruginosa pneumonia. Mice were mechanically ventilated for 4 h with either high tidal
volume (HVt 34 mL/kg), low tidal volume (LVt 9 mL/kg), or ventilated for 10 min using LVt ventilation
settings (non-ventilated control group, NV). After mechanical ventilation, mice were weaned from the
ventilator and then infected with either PA103 or sterile PBS. After infection, mice were extubated and
left spontaneously breathing until 24 h post infection. Albumin concentrations in BALF and plasma
were determined by ELISA and the albumin BALF/plasma ratio was calculated. n = 6 (NV-PBS), n =
5 (LVt-PBS), n = 6 (HVt-PBS), n = 5 (NV-PA), n = 8 (LVt-PA), n = 6 (HVt-PA). Data are expressed as
mean and SEM. ***p<0.001 between indicated groups, #p<0.05, ##p<0.001 compared with respective
PBS sham-infected group (two-way ANOVA and Sidak’s multiple comparisons test). BALF, broncho-
alveolar lavage fluid; HVt, high tidal volume; LVt, low tidal volume; MSA, mouse serum albumin; NV,

non-ventilated; PA, Pseudomonas aeruginosa; PBS, phosphate buffered saline.

3.4. High tidal volume ventilation resulted in higher pulmonary
bacterial load in subsequent Pseudomonas aeruginosa

pneumonia
To quantify pulmonary bacterial growth, CFUs in BAL and lung homogenates were
guantified and analyzed. Twenty-four hours post infection, HVt-PA mice showed
significantly higher pulmonary CFU counts as compared to all other groups (Figure 9 A-
B).
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Figure 9: High tidal volume ventilation resulted in higher pulmonary bacterial load in subsequent
Pseudomonas aeruginosa pneumonia. Mice were mechanically ventilated for 4 h with either high tidal
volume (HVt 34 mL/kg), low tidal volume (LVt 9 mL/kg), or ventilated for 10 min using LVt ventilation
settings (non-ventilated control group, NV). After mechanical ventilation, mice were weaned from the
ventilator and then infected with either PA103 or sterile PBS. After infection, mice were extubated and
left spontaneously breathing until the endpoint. CFUs in BAL (A) and lung homogenates (B) were
determined and logarithmized. n =5 (NV-PA), n = 9 (LVt-PA), n = 6 (HVt-PA). Data are expressed as
mean and SEM. **p<0.01, ***p<0.001 between indicated groups (one-way ANOVA and Sidak’s
multiple comparisons test). BAL, broncho-alveolar lavage; CFU, colony forming units; HVt, high tidal
volume; LVt, low tidal volume; NV, non-ventilated; PA, Pseudomonas aeruginosa; PBS, phosphate

buffered saline.

3.5. High tidal volume ventilation contributed to the increase in
pulmonary cytokine and chemokine levels in subsequent

Pseudomonas aeruginosa pneumonia

To characterize the pulmonary inflammation caused by MV and subsequent PA infection,
concentrations of inflammatory cytokines (Figure 10 A) and chemokines (Figure 10 B) in
BALF were determined and analyzed. Twenty-four hours post infection, a significant
increase in cytokines (IL-6, IL-1(3, IL-10 and IL-1a) and chemokines (CXCL-1, MCP-1,

MIP-1a, MIP-18, eotaxin and CXCL-5) was detected only in HVt-PA mice (Figure 10 A-
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B). The levels of IFN-y and GM-CSF in BALF were not changed (Figure 10 A). In PBS

sham-infection groups, MV did not result in any significant release of pulmonary

inflammatory cytokines and chemokines (Figure 10 A-B).
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Figure 10: High tidal volume ventilation contributed to the increase in pulmonary cytokine and
chemokine levels in subsequent Pseudomonas aeruginosa pneumonia. Mice were mechanically
ventilated for 4 h with either high tidal volume (HVt 34 mL/kg), low tidal volume (LVt 9 mL/kg), or
ventilated for 10 min using LVt ventilation settings (non-ventilated control group, NV). After mechanical
ventilation, mice were weaned from the ventilator and then infected with either PA103 or sterile PBS.
After infection, mice were extubated and left spontaneously breathing until the endpoint. Inflammatory
cytokines (A) and chemokines (B) in BALF were measured using the multiplex bead-based
immunoassay technique. n = 6 (NV-PBS), n = 5 (LVt-PBS), n = 6 (HVt-PBS), n =5 (NV-PA),n=9
(LVt-PA), n = 6 (HVt-PA). Data are expressed as mean and SEM. *p<0.05, **p<0.01, ***p<0.001
between indicated groups, #p<0.05, #p<0.01, *#p<0.001 compared with respective PBS sham-
infected group (two-way ANOVA and Sidak’s multiple comparisons test). BALF, broncho-alveolar
lavage fluid; CXCL, C-X-C motif chemokine ligand; GM-CSF, granulocyte-macrophage colony-
stimulating factor; HVt, high tidal volume; IFN, interferon; IL, interleukin; LVt, low tidal volume; MCP,
monocyte chemoattractant protein; MIP, macrophage inflammatory protein; NV, non-ventilated; PA,

Pseudomonas aeruginosa; PBS, phosphate buffered saline.

3.6. High tidal volume ventilation led to increased pulmonary gene
expression of inflammatory mediators in subsequent

Pseudomonas aeruginosa pneumonia

To assess gene expression of inflammatory mediators caused by MV and subsequent
PA infection, relative mRNA levels of inflammatory cytokines and chemokines were
calculated and analyzed. Twenty-four hours post infection, mMRNA expression of IL-6 and
IL-1a was significantly elevated in HVt-PA mice and a trend towards increasing levels of

MCP-1, IL-10, IL-1p and CXCL-5 was observed in the HVt-PA group (Figure 11).
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Figure 11: High tidal volume ventilation led to increased pulmonary gene expression of inflammatory
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mediators in subsequent Pseudomonas aeruginosa pneumonia. Mice were mechanically ventilated
for 4 h with either high tidal volume (HVt 34 mL/kg), low tidal volume (LVt 9 mL/kg), or ventilated for
10 min using LVt ventilation settings (non-ventilated control group, NV). After mechanical ventilation,
mice were weaned from the ventilator and then infected with either PA103 or sterile PBS. After
infection, mice were extubated and left spontaneously breathing until the endpoint. Lungs were
isolated for mRNA expression analyses by quantitative RT-PCR. Relative quantification of mMRNA was
performed using the comparative Ct method. n =4 - 6 (NV-PBS), n = 5 (LVt-PBS), n = 6 (HVt-PBS),
n =4 (NV-PA), n =7 - 8 (LVt-PA), n =5 (HVt-PA). Data are expressed as mean and SEM. *p<0.05
between indicated groups; #p<0.05, compared with respective PBS sham-infected group (two-way
ANOVA and Sidak’s multiple comparisons test). CXCL, C-X-C motif chemokine Ligand; HVt, high tidal
volume; IL, interleukin; LVt, low tidal volume; MCP, monocyte chemoattractant protein; NV, non-
ventilated; PA, Pseudomonas aeruginosa; PBS, phosphate buffered saline; TNF, tumor necrosis

factor.
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3.7. Mechanical ventilation and subsequent Pseudomonas aeruginosa
infection led to increased pulmonary polymorphonuclear cell

recruitment

To characterize the innate immune response evoked by MV and subsequent infection,
numbers of polymorphonuclear cells (PMNs) and alveolar macrophages in BAL and lung
homogenates were differentiated and quantified using flow cytometry. Compared to HVt-
PBS sham-infected mice, significant higher PMNs counts were detected in HVt-PA mice

in both BAL and lung homogenates (Figure 12).
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Figure 12: Mechanical ventilation and subsequent Pseudomonas aeruginosa infection led to increased
pulmonary polymorphonuclear cell recruitment. Mice were mechanically ventilated for 4 h with either
high tidal volume (HVt 34 mL/kg), low tidal volume (LVt 9 mL/kg), or ventilated for 10 min using LVt
ventilation settings (non-ventilated control group, NV). After mechanical ventilation, mice were weaned
from the ventilator and then infected with either PA103 or sterile PBS. After infection, mice were
extubated and left spontaneously breathing until the endpoint. Numbers of polymorphonuclear cells in
BAL and lung homogenates were differentiated and quantified by flow cytometry. n = 6 (NV-PBS), n
=5 (LVt-PBS), n =5 (HVt-PBS), n =5 (NV-PA), n = 9 (LVt-PA), n = 6 (HVt-PA). Data are expressed
as mean and SEM. #p<0.05, compared with respective PBS sham-infected group (two-way ANOVA
and Sidak’s multiple comparisons test). BAL, broncho-alveolar lavage; HVt, high tidal volume; LVt, low
tidal volume; NV, non-ventilated; PA, Pseudomonas aeruginosa; PBS, phosphate buffered saline;

PMN, polymorphonuclear cells.
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3.8. High tidal volume ventilation led to increased histopathologic
signs of lung injury in subsequent Pseudomonas aeruginosa
pneumonia

To evaluate the severity of PA VAP on the tissue level, lung sections were stained with
hematoxylin and eosin. Histological examination of whole lung sections showed a more
severe lung injury in HVt-PA mice (representative images are shown in Figure 13 A). In
addition, HVt-PA mice presented a significantly higher percentage of lung area affected
by infection, which was associated with an increased lung inflammation score (Figure 13
B). Specifically, significantly higher score values for neutrophil infiltration, hemorrhage,
perivascular edema, alveolar wall damage and alveolar edema were observed in the HVt-
PA group compared to all other groups (Figure 13 C). In addition, both the HVt-PA and
LVt-PA groups had increased severity of alveolar edema (Figure 13 C). Within the three
infected groups, no difference was observed regarding macrophage infiltration (Figure 13
C). Representative images from HVt-PA and LVt-PA mice presenting histopathologic

signs of lung injury are shown in Figure 13 D.
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Figure 13: High tidal volume ventilation led to increased histopathologic signs of lung injury in
subsequent Pseudomonas aeruginosa pneumonia. Mice were mechanically ventilated for 4 h with
either high tidal volume (HVt 34 mL/kg), low tidal volume (LVt 9 mL/kg), or ventilated for 10 min using
LVt ventilation settings (non-ventilated control group, NV). After mechanical ventilation, mice were
weaned from the ventilator and then infected with either PA103 or sterile PBS. After infection, mice
were extubated and left spontaneously breathing until the endpoint. Paraffin-embedded lung sections
were stained with hematoxylin and eosin. (A) Representative images of whole lung sections of the
respective infected group. (B) The percentage of affected lung area and total lung inflammation scores
were determined. (C) Lung injury assessment by scoring of polymorphonuclear cell infiltration,
hemorrhage, perivascular edema, alveolar wall damage, alveolar edema, macrophages infiltration and
necrosis severity. All scoring parameters were rated as 0: nonexistent, 1: minimal, 2: mild, 3: moderate,
4: severe. In (B) and (C), n =5 (NV-PA), n =5 (LVt-PA), n = 6 (HVt-PA). *p<0.05, **p<0.01 (multiple
Mann-Whitney U tests with Bonferroni-Holm correction for multiple comparisons). HVt, high tidal
volume; LVt, low tidal volume; NV, non-ventilated; PA, Pseudomonas aeruginosa; PBS, phosphate

buffered saline; PMN, polymorphonuclear cells.

3.9. High tidal volume ventilation resulted in plasma cytokine and
chemokine elevation in subsequent Pseudomonas aeruginosa

pneumonia

To quantify the systemic inflammatory response resulting from MV and subsequent PA
infection, inflammatory cytokines and chemokines in plasma were measured and
analyzed. Twenty-four hours post infection, HVt-PA mice had significantly higher plasma
levels of IL-6, TNF-a, MCP-1 and CXCL-1 compared with all other groups (Figure 14 A-
B). No differences in the protein expression of IL-10 and IL-1f3 between the groups were
detected. In addition, MV and subsequent PBS sham-infection did not cause any
statistically relevant release of plasma inflammatory cytokines and chemokines at the

endpoint (Figure 14 A-B).
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Figure 14:. High tidal volume ventilation resulted in plasma cytokine and chemokine elevation in
subsequent Pseudomonas aeruginosa pneumonia. Mice were mechanically ventilated for 4 h with
either high tidal volume (HVt 34 mL/Kkg), low tidal volume (LVt 9 mL/kg), or ventilated for 10 min using
LVt ventilation settings (non-ventilated control group, NV). After mechanical ventilation, mice were
weaned from the ventilator and then infected with either PA103 or sterile PBS. After infection, mice
were extubated and left spontaneously breathing until the endpoint. Inflammatory cytokines (A) and
chemokines (B) in plasma were determined with multiplex bead-based immunoassay technique. Data
are expressed as mean and SEM. n = 6 (NV-PBS), n =5 (LVt-PBS), n = 6 (HVt-PBS), n = 5 (NV-PA),
n=9 (LVt-PA), n = 7 (HVt-PA). *p<0.05, *p<0.01, **p<0.001 between indicated groups, #p<0.05,
#p<0.01, *##p<0.001 compared with respective PBS sham-infected group (two-way ANOVA and
Sidak’s multiple comparisons test). CXCL, C-X-C motif chemokine ligand; HVt, high tidal volume; IL,
interleukin; LVt, low tidal volume; MCP, monocyte chemoattractant protein; NV, non-ventilated; PA,

Pseudomonas aeruginosa; PBS, phosphate buffered saline; TNF, tumor necrosis factor.
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3.10. High tidal volume ventilation caused an increase of blood

polymorphonuclear cells in subsequent Pseudomonas
aeruginosa pneumonia

Quantification of the cellular inflammatory response in blood revealed a significant
number of neutrophils in the blood of HVt-PA mice compared with all other groups (Figure
15 A). No differences were observed in blood monocyte and lymphocyte counts upon MV
and subsequent infection (Figure 15 B-C). Additionally, MV and subsequent PBS sham-

infection did not lead to any significant changes in blood leukocyte counts (Figure 15 A-

C).
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Figure 15: High tidal volume ventilation caused an increase in blood neutrophils in subsequent
Pseudomonas aeruginosa pneumonia. Mice were mechanically ventilated for 4 h with either high tidal
volume (HVt 34 mL/kg), low tidal volume (LVt 9 mL/kg), or ventilated for 10 min using LVt ventilation
settings (non-ventilated control group, NV). After mechanical ventilation, mice were weaned from the
ventilator and then infected with either PA103 or sterile PBS. After infection, mice were extubated and
left spontaneously breathing until the endpoint. Neutrophils (A), monocytes (B) and lymphocytes (C)
were differentiated and quantified using a scil Vet abc hematology analyzer. Data are expressed as
mean and SEM. n = 6 (NV-PBS), n =5 (LVt-PBS), n = 4 (HVt-PBS), n = 9 (NV-PA), n =7 (LVt-PA), n
= 5 (HVt-PA). *p<0.05, **p<0.01 between indicated groups (two-way ANOVA and Sidak’s multiple
comparisons test). HVt, high tidal volume; LVt, low tidal volume; NV, non-ventilated; PA,

Pseudomonas aeruginosa; PBS, phosphate buffered saline.
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3.11. High tidal volume ventilation caused systemic bacterial
dissemination in subsequent Pseudomonas aeruginosa
pneumonia

To assess whether MV may favor bacterial dissemination in subsequent PA pneumonia,
CFUs in blood (Figure 16 A), liver homogenates (Figure 16 B) and spleen homogenates
(Figure 16 C) were counted and analyzed. Surprisingly, 24 h post infection, systemic

dissemination of PA was only detected in HVt-PA mice (Figure 16 A-C).
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Figure 16: High tidal volume ventilation caused systemic bacterial dissemination in subsequent
Pseudomonas aeruginosa pneumonia. Mice were mechanically ventilated for 4 h with either high tidal
volume (HVt 34 mL/kg), low tidal volume (LVt 9 mL/kg), or ventilated for 10 min using LVt ventilation
settings (non-ventilated control group, NV). After mechanical ventilation, mice were weaned from the
ventilator and then infected with either PA103 or sterile PBS. After infection, mice were extubated and
left spontaneously breathing until the endpoint. CFUs in blood (A), liver (B) and spleen (C) were
determined and logarithmized. Data are expressed as mean and SEM. n =5 (NV-PA), n = 9 (LVt-PA),
n = 7 (HVt-PA). *p<0.05, **p<0.01, ***p<0.001 between indicated groups (one-way ANOVA and
Sidak’s multiple comparisons test). CFU, colony forming unit; HVt, high tidal volume; LVt, low tidal

volume; NV, non-ventilated; PA, Pseudomonas aeruginosa; PBS, phosphate buffered saline.

3.12. High tidal volume ventilation contributed to the onset of extra-
pulmonary organ dysfunction in subsequent Pseudomonas
aeruginosa pneumonia
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The systemic dissemination of bacteria and inflammatory mediators may lead to extra-
pulmonary organ injury. To quantify liver and kidney dysfunction, plasma levels of
aspartate aminotransferase (AST), total bilirubin, urea, triglyceride and albumin were
determined. Twenty-four hours post infection, substantially increased plasma levels of
AST, total bilirubin, urea and triglyceride were detected in HVt-PA mice compared to all
other groups (Figure 17). Plasma albumin levels did not differ substantially within

experimental groups (Figure 17).

*%

* k&
100+ 25+ 2 25- —
80 = 201 20

)
T g =
5 60 = 15 2 154
% a0 2 101 % 104
£ 407 = g
il BN : ﬁ | iiln ﬂﬂ
0 o LICTM | I )
PBS PA PBS PA PBS PA
I NV
1.5 s 30+ O Lvt
il m HVt
) —
= —
g 1.04 3 20
£ £
> E
2 £
§ N ﬂﬂ' ﬂﬂ % i i
2 ©
0.0 0
PBS PA PBS PA

Figure 17: High tidal volume ventilation contributed to the onset of extra-pulmonary organ dysfunction
in subsequent Pseudomonas aeruginosa pneumonia. Mice were mechanically ventilated for 4 h with
either high tidal volume (HVt 34 mL/kg), low tidal volume (LVt 9 mL/kg), or ventilated for 10 min using
LVt ventilation settings (non-ventilated control group, NV). After mechanical ventilation, mice were
weaned from the ventilator and then infected with either PA103 or sterile PBS. After infection, mice
were extubated and left spontaneously breathing until the endpoint. Plasma levels of AST, total
bilirubin, urea, triglyceride and albumin were determined as parameters for liver and kidney function.
Data are expressed as mean and SEM. n = 6 (NV-PBS), n =5 (LVt-PBS), n = 6 (HVt-PBS), n =5 (NV-
PA), n =9 (LVt-PA), n = 7 (HVt-PA). *p<0.05, **p<0.01 between indicated groups (two-way ANOVA
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and Sidak’s multiple comparisons test). AST, aspartate transaminase; HVt, high tidal volume; LVt, low
tidal volume; NV, non-ventilated; PA, Pseudomonas aeruginosa; PBS, phosphate buffered saline.

3.13. Cyclic stretch led to alveolar lining fluid acidification and

facilitated Pseudomonas aeruginosa adhesion

The CS model was employed to imitate the mechanical ventilation in vitro in order to
assess acidification of the cell culture medium and investigate the relationship between
ALF acidification and bacterial adhesion. A549 cells were subjected to CS for 24 h and
compared to NCS controls. After CS, cells and supernatant from CS and NCS were
collected respectively and then allocated into different groups for PAOL infection (see
experimental design Figure 4). Upon measurement, the pH of CS and NCS medium was
7.62 £ 0.09 and 7.30 = 0.01, respectively (Figure 18 A). Four hours post PAO1 infection,
a significantly increased bacteria/cell ratio was found only in cells cultured in CS medium
(Figure 18 B), regardless of whether the cells were stretched or not (CS or NCS).
Contrastingly, cells adapted in the NCS medium showed a lower bacteria/cell ratio (Figure
18 B). Representative images of CS cells adapted to CS medium (Figure 18 C) and NCS

cells adapted to NCS medium (Figure 18 D) are shown.
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Figure 18: Cyclic stretch led to airway surface liquid acidification and facilitated Pseudomonas
aeruginosa adhesion. A549 cells were subjected to cell stretch for 24 h. After CS, cells and cell-free
supernatant were collected, respectively, and then allocated into different conditions for 4 h PAO1
infection. (A) pH of CS and NCS medium. (B) Data were analyzed from three independent experiments.
Evaluation of n=10 (3x3) tile scans for each condition for bacteria/cell ratio calculation. (C)
Representative image of CS cells cultured in CS medium. (D) Representative image of NCS cells
cultured in NCS medium. Data are expressed as mean and SEM. In (A), Mann-Whitney U test was
used. In (B), two-way ANOVA and Sidak’s multiple comparisons test were applied. *p<0.05, **p<0.01.
CS, cell stretch; NCS, non-stretched.
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3.14. High tidal ventilation led to a pH decrease of alveolar lining fluid
in ex vivo mice lungs

It is well known that lower pH facilitates the growth of Gram-negative bacteria'?3. Next,
we aimed to investigate in our model whether MV-induced acidification of ALF could be
a possible cause for the increased severity of VAP. To asses ALF acidification ex vivo, a
pH-sensitive indicator (pHrodo™ Red Dextran, Thermo Fisher, Germany) was applied
intrapulmonary after 2h of mechanical ventilation (HVt or LVt) and fluorescence
microscopy was used to observe pH alterations. In the HVt group, a pH decrease in the
ALF led to an increase of red fluorescence and thus amplified the alveolar brightness. As
shown in Figure 19 A, lungs subjected to HVt had increased numbers of alveoli with a
higher relative brightness (from 0.4 to 0.9) as compared with LVt ventilated lungs,
indicating that HVt led to a strong pH decrease in the ALF. Representative images of HVt

and LVt lungs stained with pH indicator are shown in Figure 19 B.
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Figure 19: High tidal volume ventilation led to a pH decrease of alveolar lining fluid in ex vivo mice
lungs. Ex vivo mice lungs were perfused and mechanically ventilated for 2 h with either high tidal
volume (HVt 20 mL/kg) or low tidal volume (LVt 9 mL/kg). At the termination of MV, a pH-sensitive
indicator with red fluorescence (Molecular Probes™ pHrodo™ Red Dextran, Thermo Fisher, Berlin,
Germany) was applied into lungs using a micro-sprayer and the pH alterations of alveolar lining fluid
were observed under the microscopy at constant pressure (18 mmHg). (A) Alveolar brightness was
determined and normalized in relation to the brightest alveolus of each scan and the numbers of alveoli
for each intensity were calculated. Evaluation of relative alveolar brightness was performed from tile
scans (3x3) from three independent experiments. (B) Representative images of pH indicator stained
lungs that were subjected to LVt and HVt ventilation, respectively. HVt, high tidal volume; LVt, low tidal

volume.

3.15. Medium acidification promoted growth of Pseudomonas

aeruginosa

To investigate the effects of pH decrease or acidification of the culture medium on

bacterial growth, the medium was either artificially acidified with HCI or alkalized with
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NaOH. The pH of the acidified, untreated and alkalized medium was 6.92 + 0.05, 7.41 +
0.03 and 7.96 = 0.03, respectively (Figure 20 A). Twenty-four hours post incubation,
substantially higher OD values were detected in acidified medium compared with PA
incubated in alkalinized and untreated medium at all MOIs (Figure 20 B). In addition,
bacterial growth experiments in liquid culture showed that PA incubated in acidified

medium presented faster growth (Figure 20 C).
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Figure 20: Medium acidification promoted growth of Pseudomonas aeruginosa. For the GFP-PAO1
growth experiments, HCl and NaOH were used to prepare acidified and alkalized medium. (A) pH of
treated medium and untreated medium. (B) Twenty-four hours post PAO1 incubation at different MOls,
ODs of treated and untreated media were measured. ODs were measured from six independent
experiments. (C) Growth curves of GFP-PAOL in RPMI-1640 medium with different pHs. Dynamic

growth curves measurement was from six independent experiments. Data are expressed as mean
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and SEM. *p<0.01, **p<0.01, ***p<0.001 between indicated groups (two-way ANOVA and Sidak’s
multiple comparisons test). OD, optical density.
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4. Discussion

Lung infections are one of the most common diseases worldwide and insufficient attention
has been paid to this public health problem. Among them, VAP is the most common
hospital-acquired lung infection in the ICU 1?2 and characterized by high incidence and
mortality in ICU patients and particularly in subjects with ARDS ® 1314,

As one of the complications of mechanical ventilation (MV), VILI is a major contributor for
the onset of ARDS 73 %, Nevertheless, few studies have examined pathophysiological
and immunological associations between VILI and subsequent pneumonia, and possible
mechanistic connections between VILI and VAP are poorly understood. By establishing
a new murine VAP model that mimics human pathology, this study aimed to examine how
MV contributes to the onset and progression of VAP. Exposing mice to short-term HVt
ventilation, a procedure widely used to induce VILI and mimic ARDS in healthy laboratory
animals 129 130. 77 it was shown that mechanical overventilation-induced VILI enhances
the susceptibility and severity to subsequent PA pneumonia, including extra-pulmonary
bacterial dissemination. Using additional in vitro and ex vivo models, it was shown that
VILI-induced alveolar lining fluid acidification is a critical factor in our model, leading to

increased proliferation of pulmonary bacteria.

4.1. High tidal volume ventilation led to the onset of ventilation-induced
lung injury
As an important driver of VILI, mechanical overventilation can increase lung stress and

strain, leading to pulmonary edema, alveolar rupture and alveolar-capillary barrier
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disruption “°. VILI is characterized by increased alveolar-capillary permeability and

resulting changes in lung function (e.g., lung elastance) can indicate the development of
VILI 7 131132 |n the present work, mice subjected to 4 h HVt ventilation exhibited a
significant increase in dynamic lung elastance compared with the LVt group, in line with
our previous murine VILI models 77 and comparable with results from Cressoni et al. in
porcine VILI models 3. Similar to prior findings from our lab 77, the decrease in lung
compliance was proportional to the severity of VILI upon HVt ventilation. Furthermore,
the lung injury in the employed model met the American Thoracic Society criteria on acute
lung injury (ALI) in animals %, including the evidence of alveolar barrier function
impairment and pulmonary function deterioration. Taken together, the results show that
VILI was successfully induced in our model of orotracheal intubation and HVt ventilation.
In contrast to previous studies that found increased neutrophil influx and activation during
VILI 77 134135 1in the model examined in our study, alveolar-capillary barrier permeability
and levels of pulmonary inflammation (inflammatory mediators release and PMN
recruitment) did not differ between mice subjected to MV and NV controls 24 h post MV.
These discrepancies may be explained by different sampling times, as in the studies
mentioned above, the sampling was carried out immediately after MV. PMNs 136137 and
inflammatory mediators 38 139 140. 141 are expected to be lower 24 h after MV 142 because
of their short half-life, and alveolar-capillary barrier leakage decreases as lung injury

resolution progresses.
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4.2. High tidal volume ventilation contributed to increased
susceptibility and severity in subsequent Pseudomonas
aeruginosa pneumonia

It is widely recognized that hypothermia is a typical symptom of severe disease in murine

pneumonia models 43 144 In the current study, mice subjected to HVt and subsequent

PA infection had a significantly lower body temperature than all other groups, indicating

enhanced pneumonia severity.

It is well known that pneumonia is one of the common causes of ALl or ARDS 4%, which

are characterized by increased alveolar-capillary permeability 1#¢. Similarly to the findings

of Tsay and colleagues ', a substantial increase in alveolar-capillary permeability was

found in HVt-PA mice 24 h post infection. In LVt-PA and NV-PA groups, only a mild

increase in alveolar-capillary permeability was detected, accounting for the fact that

bacterial infection per se can partially impair the integrity of the alveolar-capillary barrier

147 Works by Azghani et al. pointed out that PA elastase and exotoxin A may disrupt tight

junctions between epithelial cells and lead to an increase in lung epithelial permeability

148,48 We thus deduced that both factors (injurious ventilation and PA infection) contribute

to the aggravation of alveolar-capillary permeability and thereby pneumonia severity.

4.3. High tidal volume ventilation promoted increased pulmonary
inflammation and lung injury in subsequent Pseudomonas

aeruginosa pneumonia
A strong elevation of pulmonary inflammatory cytokines (IL-6, IL-183, IL-10 and IL-1a) and

chemokines (CXCL-1, MCP-1, CXCL-5, MIP-1a and MIP-13) was observed in the HVt-
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PA mice. Similarly, in lung homogenates, an increasing trend in the gene expression of
the respective proteins was found. Clinical studies have shown that the inflammatory
cytokines IL-6 and IL-1[3 are strongly increased in VAP patients and could be potentially
used as biomarkers to detect early VAP 149 150 Elevated MCP-1 levels, as detected in
our model, are consistent with results from other models of murine PA pneumonia %%,
Moreover, despite the anti-inflammatory properties of IL-10 during pneumonia 52 153,
increased levels of IL-10 are also detected during acute inflammation and found useful
for early detection of VAP 14, In addition, this acute “cytokine storm”, particularly involving
IL-6 and IL-10, is associated with higher mortality of pneumonia patients **°. In summary,
the substantial increase in inflammatory mediators in our model is in line with the findings
of the above-mentioned clinical and experimental studies, showing the presence of
pulmonary inflammation, particularly in mice infected with PA and subjected to HVt
ventilation.

Interestingly, it has been shown that PA proliferation can be favored by IL-6 in a
concentration-dependent manner °¢. Thus, the increased levels of pulmonary IL-6
detected in our model might have had an additional effect on PA growth. Accordingly, a
substantially higher pulmonary bacterial load was detected in HVt-PA mice.

Consistent with our observations, HVt-PA mice were found to have a higher
histopathological lung inflammation score, a higher percentage of lung area affected, and
more signs of severe lung injury confirming histological characteristics like neutrophil

infiltration and alveolar edema from other experimental VAP models 17 116,
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Taken together, HVt MV led to aggravation of subsequent pneumonia with increased
pulmonary release of inflammatory mediators, higher pulmonary bacterial burden and

histopathologic signs of lung injury.

4.4. High tidal volume ventilation contributed to pulmonary neutrophil
recruitment in subsequent Pseudomonas aeruginosa pneumonia

Clinically and experimentally, one of the characteristic features of VAP is pulmonary
neutrophil infiltration 17 116. 157 |n the present work, increased numbers of neutrophils
were found in both BAL and lung of all infection groups when compared to the respective
PBS control groups, which is in line with the increased chemoattractant levels of CXCL-
1, CXCL-5 and MIP-1, which have been shown to attract neutrophils during infection %8
159,160 An impaired neutrophil function leads to decreased bacterial clearance capacity
and increased mortality in pneumonia 6% 162, Even instillation of a very low dose (10 to
100 CFU/mouse) of PA can result in fatal lung infection in neutropenic mice 162 .

Although neutrophil recruitment is indispensable for bacterial clearance, activated
neutrophils may also aggravate disease severity by releasing neutrophil proteases and
extracellular traps which are also found in VAP 164 165 Mikacenic and colleagues
demonstrated that enhanced presence of neutrophil extracellular traps in BAL is

correlated with higher pulmonary bacterial load and increased levels of alveolar

inflammation %5, In summary, although neutrophil recruitment is an indicator of bacterial

infection and essential for bacterial clearance in our model, the deleterious effects of

neutrophil activation may further aggravate lung injury.
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4.5. High tidal volume ventilation promoted systemic inflammation and
extra-pulmonary bacterial dissemination

In clinical studies, increased systemic levels of proinflammatory cytokines (IL-6 and TNF-
a) were observed in VAP patients 4% 166 Moreover, an elevated MCP-1 concentration in
the circulation was found to be positively correlated with disease severity in VAP patients
167 Similar to these observations, in the murine VAP model examined here, a systemic
inflammatory reaction with a higher plasma concentration of IL-6, TNF-a, MCP-1 and
CXCL-1 in the HVt-PA group was observed. In accordance with elevated plasma
concentrations of the neutrophil chemoattractants MCP-1 and CXCL-1, elevated blood
neutrophil counts in blood of HVt-PA mice were detected.

Furthermore, in line with the systemic inflammatory reaction, a systemic spread of
bacteria was detected only in HVt PA mice. The increased alveolar-capillary permeability,
resulting from HVt ventilation ”® and subsequent PA infection 48, may have contributed to
bacterial translocation from the lung to extra-pulmonary organs. In addition, increased
levels of IL-6 in blood may favor PA proliferation in the circulation and thereby contribute
to extra-pulmonary PA dissemination.

As observed in experimental and clinical studies of VAP 16 168 parameters of liver and
kidney function deteriorated significantly in HVt-PA mice, suggesting that HVt MV led to
increased disease severity including increased systemic inflammation, bacterial

dissemination and extra-pulmonary organ dysfunction in subsequent PA pneumonia.

4.6. Ventilator-induced lung injury promoted subsequent

Pseudomonas aeruginosa pneumonia by alveolar acidification
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Mainly generated by alveolar epithelial cells 1¢°, the ALF is an important contributor to
pulmonary host defense against pathogen invasion 1°. A pH reduction of airway surface
liquid may attenuate lung antimicrobial activity and thus impair the capacity of bacterial
clearance as well as airway host defense " 172, Interestingly, in patients with chronic
inflammatory airway diseases colonized by PA, a lower pH was detected in their breath
condensate 173, While the study did not investigate whether the observed acidification
was due to chronic inflammation or a preexisting condition promoting the following
bacterial colonization, Torres and colleagues showed experimentally that the artificial
acidification of the respiratory milieu via acid installation significantly contributed to
increased acute PA pneumonia severity in mice 18, Interestingly, examining EBC in a
cohort of ALI and ARDS patients (subjected to mechanical ventilation), Gessner et al.
provided evidence that these patients had a substantially lower pH compared to healthy
volunteers 24, but again, studies examining whether this is an effect or more likely a
predisposing factor for infection are lacking. Using cell cyclic stretch to imitate mechanical
ventilation in vitro, Pugin and collaborators revealed the tripartite relationship between
the cell stretch of airway epithelial cells, pH decrease and the growth of the Gram-
negative bacterium Escherichia coli 123, Although this observation showed that PA growth
was favored by artificial medium acidification, it was unclear whether mechanical
overventilation would lead to airway acidification that would promote bacterial proliferation
and result in aggravation of VAP in vivo. Thus, using the established murine VAP model,
the present study aimed to investigate whether the increased VAP severity in vivo was

due to the promoted PA proliferation induced by airway acidification due to MV.
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According with our hypothesis, a strong pH reduction of ALF was observed in mice
subjected to HVt ventilation by using the ex vivo model to visualize pH changes of ALF
induced by VILI. By exposing A549 cells to CS for 24 h, a significant acidification of the
medium of stretched airway epithelial cells was observed, which agrees well with the
observation in vivo. Moreover, a higher bacteria/cell ratio was found in cells cultured in
stretch-acidified medium, regardless of whether the cells were stretched or not. Additional
experiments proved that bacteria proliferated faster when inoculated in artificial acidified
medium, demonstrating that the acidic milieu per se can favor bacterial proliferation.
Considering all the results, the present study demonstrated that ALF acidification induced
by mechanical overventilation can promote pulmonary bacterial growth, thereby
increasing the susceptibility to, and severity of VAP. The aforementioned infection
experiments with artificially acidified inoculation medium replicate similar characteristics
in the severity of PA pneumonia, including pulmonary CFUs, neutrophils recruitment and
cytokine release '8, which complements our results well. Interestingly, previous studies
indicated that an acidic milieu increased the virulence and antibiotic tolerance of PA,
emphasizing the critical importance of our findings for VAP patients 174 175,

This study has some limitations. First, in contrast to the lung-protective ventilation strategy
commonly used in the clinic, a higher tidal volume (34 mL/kg) was applied to establish
lung overventilation in healthy animals, as has been performed in other studies. Second,
VAP patients are continuously ventilated in the clinic as pneumonia progresses, whereas
a short duration of ventilation was carried out in the animals because of the experimental
conditions. Therefore, the long-term effects on immune functions, disease progression,

as well as morbidity and mortality cannot be fully derived from our mouse model. Third,
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Discussion

the acidification induced by cell stretching is moderate compared with the artificially
conditioned media for bacterial growth experiments. However, pH values were measured
in the cell culture supernatant, suggesting that the actual acidification in the thin alveolar
lining fluid may be more drastic in situ. Regardless, the present new model exhibits
important clinical features of PA-VAP and allows researchers to investigate the complex

mechanisms of MV-induced PA susceptibility and VAP onset.

68



Conclusion

5. Conclusion

In this study, mechanical overventilation was shown to be a critical factor in the onset and
aggravation of VAP in a murine model, leading to systemic inflammation and
dissemination of pulmonary bacteria to extra-pulmonary organs. Furthermore, it was
demonstrated that the ALF acidification induced by mechanical overventilation enhanced
pulmonary PA adhesion and growth. These results provide evidence that overventilation
is a critical factor in the susceptibility of mice to subsequent PA pneumonia. The
established murine VAP model may enable future studies to further investigate the
molecular mechanisms of VAP pathogenesis and promote the development of novel

therapeutics to reduce the incidence and severity of VAP in ICU patients.
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