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LOWER RESPIRATORY TRACT INFECTIONS 
Infections are the major cause of mortality worldwide and amongst these, lower 
respiratory tract infections (LRTI)/pneumonia, considered as “the captain of the men 
of death” in the 19th century, are still responsible for approximately 7 million deaths 
each year (WHO, 2012). Amongst all hospital-acquired infections, acute pneumonia 
also causes the greatest morbidity and mortality (Ware and Matthay, 2000). 
Pneumonia is defined as an acute inflammation of the alveoli within the lungs marked 
by increased accumulation of neutrophils and plasma exudate involving different 
parts of the lungs classifying it as lobar, interstitial or bronchopneumonia. 
Pneumonia-type classification however, is most frequently based in the context of 
where the infection was acquired, sub-defining pneumonia as either hospital-acquired 
pneumonia (HAP), health care-associated pneumonia (HCAP) or community-
acquired pneumonia (CAP) which is more relevant to this project. Hospital-acquired 
pneumonia is caused by opportunistic pathogens, that is, microorganisms that do not 
cause an infection in healthy people but can colonize and infect the critically ill. This 
makes hospital-acquired pneumonia a serious threat for patients in intensive care units 
(ICU) all over the world and is the second most common cause of a hospital-acquired 
infection (the first being sepsis) with mortality rates reaching higher than 33% 
(Joseph et al., 2010; Torres et al., 2010). HAP is defined as pneumonia that occurs 48 
hours or later after admission, ruling out infections that were lingering at the time of 
admission and HCAP includes any patient who was hospitalized for two or more days 
and develops pneumonia within 90 days. These include patients resided in a nursing 
home or long-term care facility, patients on hemodialysis, patients that received recent 
intravenous antibiotic therapy, chemotherapy, or advanced wound care within the past 
30 days (American Thoracic and Infectious Diseases Society of, 2005). 

EPIDEMIOLOGY OF VENTILATOR-ASSOCIATED PNEUMONIA 

Two independent large-scale studies in Europe showed a ≈10% overall pneumonia 
prevalence in intensive care units (Chevret et al., 1993; Vincent et al., 1995) and both 
identified mechanical ventilation as a considerable risk factor for developing a 
specific type of pneumonia called ventilator-associated pneumonia (VAP). A nation 
wide study performed in the Unites States estimated the increased risk of pneumonia 
development in patients receiving MV 21 fold increased compared to non-ventilated 
patients in the ICU (Cook et al., 1998). Similar studies reported MV as the major risk 
factor for pneumonia development in ICU patients (Baudouin, 2001; Celis et al., 
1988; Cook et al., 1998; Horan et al., 1993; Pinhu et al., 2003; Rello et al., 1999). As 
such, VAP is the most common cause of hospital-related infections but also one of the 
major causes of mortality and morbidity within hospitals (Richards et al., 1999; 
Rosenthal et al., 2010). Overall mortality associated with VAP is high and ranges 
from 24-78% (Kollef, 1993; Markowicz et al., 2000) and several studies showed a 
considerable increased mortality between VAP patients and non-VAP patients 
(Craven et al., 1986; Fagon et al., 1989). In addition to increased mortality and 
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morbidity, prolonged patient admittance as a consequence of VAP results in increased 
cost for the health-care system. In the United States alone, between 250,000 and 
300,000 VAP cases occur per year resulting in an incremental cost estimated at 
$5,000 to $20,000 per diagnosis (Koenig and Truwit, 2006).  

VAP is defined as a pneumonia that arises more than 48 hours after endotracheal 
intubation and startup of MV (American Thoracic and Infectious Diseases Society of, 
2005) and results from (micro)-aspiration of oral or gastric contents that, together 
with a compromised mucosa due to endotracheal intubation, facilitates the entry of 
resident or exogenous bacteria such as Pseudomonas aeruginosa that are usually not 
part of the normal commensal flora but tend to colonize hospitalized patients very 
rapidly (Bergen and Toney, 1998). Approximately 80% of all VAP cases are caused 
by so-called ESKAPE organisms (Fig. 1)(Enterococcus faecium, Staphylococcus 
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa 
and Enterobacter species) (American Thoracic and Infectious Diseases Society of, 
2005; Sandiumenge and Rello, 2012). Within this variety of microorganisms able to 
cause VAP, the most notable is Pseudomonas aeruginosa. A multi-centered study 
conducted at 56 ICUs for 11 different countries spread over all continents showed that 
P. aeruginosa is responsible for a global VAP prevalence rate of over 26% (Kollef et 
al., 2014). Interestingly, VAP due to P. aeruginosa is also associated with increased 
complications such as septic shock and multiple organ dysfunction with mortality 
rates up to 50% (Bergen and Toney, 1998). 

 

Figure 1. Epidemiology of ventilator-associated pneumonia. Axis indicates the relative 
occurance of each organism in percentage (Data adopted from Park, 2005; Sandiumenge and 
Rello, 2012) 

On the basis of the time of onset of the disease, VAP can be divided into early and 
late onset VAP. The widespread opinion and original finding were that early onset 
nosocomial pneumonia was to be caused by antibiotic sensitive organisms including 
methicillin-sensitive S. aureus (MSSA), H. influenza and S. pneumoniae whilst late 
onset VAP was predominantly caused by antibiotic resistant organisms such as P. 
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aeruginosa, K. pneumoniae, and methicillin-resistant S. aureus (MRSA) (Park, 2005). 
Based on the time of onset of the disease, most frequently, different empiric antibiotic 
treatment strategies were decided, narrow-spectrum antibiotics for early onset 
nosocomial pneumonia and broad-spectrum treatments for late onset (Gastmeier et al., 
2009). However, recent studies have contested this viewpoint showing that isolation 
of causative etiologies of patients during the early and late onset disease progression 
showed equal distribution of multi-drug resistant (MDR) organisms in both groups 
(Gastmeier et al., 2009; Golia et al., 2013; Restrepo et al., 2013).  

THE GROWING PROBLEM OF ANTIBIOTIC RESISTANCE IN RELATION 
TO VAP 

Another major reason for the high mortality and morbidity associated with VAP 
results from treatment failure due to high levels of antibiotic resistance observed in 
VAP causing pathogens. Rates of HAP due to MDR pathogens have increased 
dramatically in hospitalized patients, especially in intensive care and transplant 
patients (Richards et al., 1999). Especially, with the increased prevalence of MDR 
gram-negative bacteria including P. aeruginosa and the Entrobacteriaceae only 
susceptible to polymyxins (American Thoracic and Infectious Diseases Society of, 
2005; Li et al., 2006), however; independent outbreaks of colistin resistance amongst 
Enterobacteriaceae are reported (Chen et al., 2011). Main risk factors for acquiring 
infections caused by resistant organisms include prior antibiotic treatment in the 
preceding 90 days and 5 or more days of hospitalization (American Thoracic and 
Infectious Diseases Society of, 2005). 

Important bacterial etiologies of VAP known for their antibiotic resistance include 
MRSA, P. aeruginosa, K. pneumoniae and other Enterobacter species (Table 1). 
Focusing on P. aeruginosa, the most common MDR gram-negative bacterial 
pathogen causing HAP/VAP, this bacterium has acquired resistance against many 
commonly used antibiotic agents (Van Eldere, 2003). An important mechanism of 
resistance used by P. aeruginosa is mediated by multiple efflux pumps, which may be 
expressed all the time or may be upregulated by mutation and expression of beta-
lactamase genes. In the US, resistance to piperacillin, ceftazidime, cefepime, 
aminoglycosides, or fluoroquinolones is still increasing (Richards et al., 1999). In 
addition, altered expression or mutations of membrane porin channels, outer 
membrane porin channel (OprD), reduce the penetrating effect of antibiotics leading 
of resistance common used carbapenems imipenem and meropenem. (El Amin et al., 
2005).  

As there are no disease biomarkers, clinicians rely on broad-spectrum therapy, 
however, this further facilitates the colonization and micro colony formation due to 
the perpetuating antibiotic resistance in causative pathogens (Ward et al., 2006). Thus, 
prior knowledge of the etiologic agent can narrow the use of antibiotics and would 
lead to a better treatment and outcome for the patients. 
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Table 1. Resistance mechanisms and main targets in most common MDR pathogens. 
(Data adopted from Sandiumlenge and Rello, 2012) 

Microorganism Resistance mechanism Antimicrobial target 
Pseudomonas aeruginosa ESBLs (variety) Penicillins, cepahalosporins 

 
AmpC Carbapenems 

 
Efflux pumps Aminoglycosides 

 
Mutational gyrases Quinolones 

 
Inactivating enzymes 

 
 

Outer membrane impermeability 
    Staphylococcus aureus Beta-lactamase Penicillin 

 
Low-affinity, Pbp Oxacillin 

 
Cosntitutive erm expression Clindamycin 

 
Unclear mechanisms Vancomycin 

   Enterobacter species CTX-metallo-beta-lactamases Cephalosporins 

 
Efflux pumps Quinolones 

 
Mutant topoisomerases 

 
 

Qnr enzymes 
 

 
Modifying enzymes 

    Acinetobacter species Carbapemenases Penicillins, cephalosporins 

 
Metallo-beta-lactamases Carbapenems 

 
Efflux pumps Aminoglycosides 

 
Mutational gyrases Quinolones 

 
Inactivating enzymes 

 
 

Outer membrane impermeability 
    Klebsiella species ESBLs Cephalosporins 

 
KPC-type beta-lactamases Carbapenems 

 
Mutant topoisomerases Quinolones 

 
Efflux pumps 

 
 

Qnr  enzymes 
 ESBLs, extended spectrum beta-lactamases; KPC, Klebsiella pneumoniae carbapenase; 

Pbp, protein-binding proteins; Qnr, quinolone resistance  

P. AERUGINOSA AS AN OPPORTUNISTIC PATHOGEN IN A HOSPITAL 
SETTING 

One of the most common etiologies of VAP is Pseudomonas aeruginosa, an 
opportunistic pathogen that tends to colonize patients very quickly once admitted to 
the hospital (Fukushi et al., 2011). P. aeruginosa has one of the largest genomes 
known in the prokaryotic world reaching 6.3 million base pairs with a predicted 5570 
open reading frames constituting approximately 6200 proteins (Stover et al., 2000). P. 
aeruginosa also harbors unique  mechanisms of genomic plasticity, able to alter its 
repertoire of genes needed in a particular environment (Mathee et al., 2008). This 
plasticity combined with the large genome, renders this bacterium an efficient 
opportunistic pathogen giving it a wide array of potential virulence factors and 
antibiotic resistance mechanisms.  

As a pathogen, P. aeruginosa carries inherent cell-associated surface appendages like 
a flagellum, adhesion molecules, type 4 pili and an LPS layer (endotoxin), that are 
known stimulators of host immune responses. However, lung damage associated with 
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P. aeruginosa infection is mostly governed by expression of secreted toxins. Best 
studied extracellular virulence factors include exotoxin A that inhibits protein 
synthesis in host cells, coenzyme S that interferes with GTP binding proteins, 
different haemolysins, rhamnolipid degrading enzymes, phospholipase C, numerous 
proteases mostly of the elastase family and a specific cytotoxic secretion systems of 
which the type 3 secretion apparatus (T3SS) which is most studied (El-Solh et al., 
2012; Roy-Burman et al., 2001; Van and Iglewski, 1998). T3SS consists of a needle 
like structure that requires ATP dependent activation to pierce host cells creating an 
open barrel trough which toxins can be transported (Hauser, 2009). T3SSS itself 
possesses cytotoxicity and interferes with membrane integrity of the host cells 
however, the toxins ExoS, ExoT, ExoU, and ExoY that are injected into the cytosol of 
target eukaryotic cells are the most important mediators in causing cell death using 
this system (Sawa et al., 2014). Modulating expression of the different P. aeruginosa 
virulence factors in animals identified elastase and T3SS as the most important 
mediators of toxicity in clinical isolates (Le Berre et al., 2011). 

 

Figure 2. Quorum sensing system employed by P. aeruginosa. Overview and hierarchy of 
different P. aeruginosa QS circuitry. Vfr is a regulating molecule controlling expression of 
the lasR gene via 2 transcriptional start sites (T1 and T2). The rsaL gene encodes a negative 
regulator of the lasI gene, encoding an autoinducer synthase producing PAI-1. Binding of 
PAI-1 to LasR activates expression of virulence factors. LasR/PAI- also regulates the rhl QS. 
The RhlR regulator binds to PAI-2 causing activation of genes. PAI-1 can compete with the 
binding of PAI-2 to RhlR, thus controlling the rhl-system. The las quorum sensing system and 
PqsR are also necessary to activate genes involved in the production of the Pseudomonas 
quinolone signal (PQS). PQS is required for optimal activation of the rhlI gene. QscR is a 
negative regulator of lasI gene expression. The GacS/GacA sensor relay system activates 
transcription of rsmZ, encoding a regulatory RNA that causes downregulation of the rsmA 
gene, an event that represses transcription at rhlR. Figure adopted from Lau et al., 2005. 
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P. aeruginosa modulates virulence factor expression based bacterial population 
densities using intricate cell-cell communication called quorum sensing. In short, 
these function using a 2-component system transcription regulatory mechanism. An 
autotransducer molecule is produced and secreted by the cell to the external 
environment. If local concentrations of this molecule increase above a threshold level, 
it will bind and activate transcriptional regulators and causes expression of various 
effector molecules (Van and Iglewski, 1998). These systems allow P. aeruginosa to 
sense the cell density and to interact more as a population rather than individual cells. 
In total, 3 main intertwined quorum sensing systems exist in P. aeruginosa: two 
homoserine lactone dependent systems (Van and Iglewski, 1998) and the 
Pseudomonas quinolone signaling (PQS)(Fig. 2)(Lau et al., 2005). N-acyl homoserine 
lactones are common in all gram-negative organisms (Liu et al., 2015) and P. 
aeruginosa uses 2 similar systems, the las-QS system and the rfl-QS system. Both 
mechanisms operate using positive feedback loops to re-enforce the original signal. 
The LasI synthase produces N-[3-oxododecanoyl]-L-homoserine lactone that interacts 
with the LasR protein, forming an active transcription factor. Similarly, RflI 
autotransducer synthase produces N-butyrylhomoserine lactone and interacts with 
RflR. Both activated transcription regulators will increase the expression of HSL 
synthases and target proteins in addition to increasing virulence factor expression and 
inducing biofilm formation (Lau et al., 2005). Both systems also play a different 
hierarchal role in transcription regulation. The las-Qs system has the ability to either 
induce rhl-QS by increasing expression of rhlR protein or inhibit its function (Van 
and Iglewski, 1998). The PQS system has the lowest hierarchical role in the QS 
system of P. aeruginosa and is involved in fine-tuning and regulating the expression 
of the virulence genes (Lau et al., 2005). Over 50 different alkyl-quinolones have 
been identified in P. aeruginosa, all under regulation of the pqsABCDE operon with 
2-heptyl-3-hydroxy-4-(1H)-quinolone (PQS) and the predecessor molecule 2-heptyl-
4(1H)-quinolone (HHQ) both responsible for the most important functions (Liu et al., 
2015).  

P. aeruginosa has also adopted unique strategies to evade the host immune system. 
Specific strains have an altered lipid A fraction (penta-acylated instead of hexa-
acylated) that causes a lower binding affinity for Toll Like Receptor 2 (TLR2) (Lau et 
al., 2005). Las-QS can selectively disrupts the NF-κB signalling pathway in activated 
macrophages and induces apoptosis in haematopoietic cells as well as having 
cytototoxic potential. P. aeruginosa also has the ability to evade detection and attack 
by human complement system. Elongation factor Tuf was identified as being able to 
bind factor H and related proteins, regulating complement activity and C3b 
degradation (Kunert et al., 2007). However, the main mechanism adopted by P. 
aeruginosa to prevent immune cell mediated killing is biofilm formation. A biofilm is 
a microbial community which consists of extracellular polymeric substances (EPS) 
that encapsulate and protects the bacteria form host immune cells and antibiotics. P. 
aeruginosa biofilms mostly consists of 3 essential polysaccharides: Pel, PsI and 
alginate. Although secretion of Pel, PsI or alginate is required for biofilm formation, 
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absence of either one of these will result in a different biofilm phenotype (Colvin et 
al., 2012). Alginate is mostly associated with mucoid strains typically seen in cystic 
fibrosis patients. Pel and PsI are the most important components of non-mucoid 
biofilms and are mostly co-expressed although absence of either one of these does not 
inhibit biofilm formation but does influence the biofilm phenotype. Mutational 
analyses revealed that both extracellular polysaccharides play important roles during 
the early stages of biofilm formation, however, their function in mature biofilms is 
rather redundant (Colvin et al., 2012). Pel consists of repeating pentasaccharide 
consisting of d-mannose, d-glucose, and l-rhamnose, however, the molecular structure 
of PsI has proven to be diverse (Wei and Ma, 2013). Other molecules important 
within the biofilm include extracellular DNA known to provide extra rigidity and 
structural support for various proteins (Flemming and Wingender, 2010; Mah and 
O'Toole, 2001). In addition to shielding the bacteria from host immune cells, biofilm 
formation causes bacteria to switch their phenotype from a planktonic to a sessile 
state with reduced expression of cell surface appendages and a lower metabolic state 
rendering the bacteria less immunogenic (Donlan and Costerton, 2002; Lewis, 2007). 

ANIMAL MODELS FOR TRANSLATIONAL PULMONARY RESEARCH 
One of the major problems hampering pneumonia/VAP research is that VAP patients 
frequently have co-morbidities and are frequently on antibiotics before the onset of 
VAP that changes the course of disease. Also, the critical nature of the disease makes 
it difficult to have timely samples. Animal models of infection are increasingly being 
utilized in all field of medicine for many decades and responsible for accelerated 
progress in various fields such as cancer research, neuroscience and most importantly 
infectious diseases and drug development. For this reason, animal models of 
pneumonia/VAP are utilized that offer a more accurate control over significant 
variables in the course of infection. Animal models allows for minimizing 
confounders like co-morbidities or antibiotic use and circumvent sampling limitation 
issues whilst the precise control over the timing of the infectious challenge also 
allows for a better understanding of temporal evolution of the disease and 
development of complications that are most likely related to an altered immune-
inflammatory response of the host. Based on this premise, several animal models of 
VAP have been built in piglets, monkeys and rodents (Crouch et al., 1984; Li Bassi et 
al., 2014; Wu et al., 2010) and have been instructive in studies of disease mechanisms 
and in antibiotic testing (Howell et al., 2013; Kukavica-Ibrulj et al., 2014). 
Nonetheless, rodents have been the preferred choice in translational pulmonary 
research as they are not only in accordance with the 3R principles of animal 
experimentation but offer other advantages as well, such as the potential to validate 
and further study distinct pathogenic steps in established commercially available 
transgenic rodent models. 

Although both belong to the monophyletic group of Mammalia, considerable 
differences exist between rodents and humans including their immune response. For 



  Introduction 

 15  

instance, mice have fewer circulating neutrophils compared to humans, have different 
Toll like receptor expression patterns in specific cell subsets and respond differently 
towards specific chemotactic molecules (Mestas and Hughes, 2004). In addition, IL-
10 is believed to have a predominant Th2 function in rodents whilst in humans, both 
Th1 and Th2 cells can secrete IL-10 (Del Prete et al., 1993) and Th17 cell activation 
and proliferation is predominantly induced by IL-1β, IL-6, and IL-23 in humans, 
while in rodents IL-6 and TGFβ are driving Th17 differentiation (Acosta-Rodriguez et 
al., 2007). Even within the same species, notable differences occur that can influence 
experimental outcome. For example, BALB/c mice can be classified as Th2 responder 
strain compared to C3H/HeN mice that are Th1 responders. Establishment of 
infection using the same bacterial dose led to higher mortality in the Th2 responding 
strain (Moser et al., 1997). 

VAP pathogenesis is intimately linked with mechanical ventilation that itself is 
believed to induce pulmonary inflammation called Ventilator-Induced Acute Lung 
Injury (VILI). Animal models showed that for example MV induces diaphragm 
dysfunction (Maes et al., 2008; Yang et al., 2002) and a strong local proinflammatory 
response (Boost et al., 2008; Frank et al., 2006; Kroon et al., 2011; Tremblay et al., 
1997; Vaneker et al., 2007) indicating that MV itself is an important confounder 
requiring attention when studying VAP pathology in animal models. This is 
demonstrated in VAP-piglet model (Marquette et al., 1999) that develops spontaneous 
pneumonia following mechanical ventilation. Dose titration studies identified MV as 
the main predisposing factor for VAP development.  

In addition to utilizing a relevant human VAP pathogen, slight alterations in the 
bacterial load (McConnell et al., 2010) as well as the mode of administration, changes 
the model and produces a different pathology. Endotracheal instillation should be the 
preferred route as this allows for exact quantities of bacteria to be given to each 
animal and circumvents coughing up and swallowing of fluid. Intranasal inoculation, 
although less invasive shows a large variation in required dose to induce LRTI (Miller 
et al., 2012) and induces URTI pathology as well (Miller et al., 2012). Specifically 
when MV is combined with intratracheal instillation, tracheostomy is frequently 
employed, however, surgically exposing the trachea will provoke a local 
inflammatory response that can affect the VAP pathology.  

An important issue that needs to be addressed is the fact that specific bacterial strains 
are host-specific (Holtfreter et al., 2013) expressing certain virulence factor 
depending on the particular host niche (Lenski and Travisano, 1994). In that respect, 
clinical isolates might not be ideally suited to establish pneumonia in a rodent model, 
however, rodent adopted strain can lack specific expression of unique virulence 
factors and thus provoke an altered immune response (Casadevall and Pirofski, 2001; 
Rashid et al., 2006).  
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VENTILATOR INDUCED ACUTE LUNG INJURY AS A PREDECESSOR 
FOR VAP DEVELOPMENT 

MV has been shown to cause a sterile inflammatory response in the lung leading to 
tissue damage in a condition termed ventilator-induced lung injury (VILI) (Gajic et 
al., 2004; Parker et al., 1993). VILI is caused by overstretching of the lung, 
barotrauma and volutrauma, leakage of air due to disruption of the airspace wall, 
pulmonary edema and atelectrauma (repeated opening and closing of alveoli) and can 
lead to increased duration of ventilation period and patient mortality and morbidity 
ultimately leading to or aggravating acute respiratory distress syndrome (ARDS) 
(2000; Cabrera-Benitez et al., 2014; Dreyfuss and Saumon, 1998; Slutsky and 
Ranieri, 2013). However, ventilation at too low airway pressures or volumes can be 
harmful as well, with increased risk of alveolar collapse by atelectrauma (Albert, 
2012; Slutsky, 1999). These physical insults lead to a cellular pathology characterized 
by loss of tight junction integrity and cell attachment in general. Disruption of the 
epithelial layers as a result of inadequate MV parameters causes epithelial-
mesenchymal transition (EMT) and remodeling of the extracellular matrix (ECM) 
(Cabrera-Benitez et al., 2014). Protective ventilation strategies have somewhat 
reduced the proinflammatory pathology, however, VILI remains an important issue in 
the ICU (Dreyfuss and Saumon, 1998). 

Animal models have been instructive in MV related pathology and combined with 
patients studies demonstrated that the main mechanism behind MV associated VILI is 
a marked upregulation of pro-inflammatory cytokines such as TNFα, IFNγ, IL-6 and 
IL-1α and IL-1β (Dhanireddy et al., 2006; Ding et al., 2013; Frank et al., 2006; Kroon 
et al., 2011; Vaneker et al., 2007; Vreugdenhil et al., 2004) combined with chemokine 
release including IL-8, CXCL-1 and MIP-2 (Uhlig and Uhlig, 2004).  These 
proinflammatory mediators cause polymorphonuclear neutrophil (PMNs) infiltration 
in the lung, which are the principal actors responsible for the tissue damage leading to 
ARDS. Neutrophils are especially known for their antimicrobial function able to 
phagocytize pathogens, release potent antimicrobial molecules (degranulation) and 
have to ability to form neutrophil extracellular traps (NETs) (Hickey and Kubes, 
2009). Regarding VILI pathology, release of cytotoxic molecules such as proteinases, 
cationic polypeptides, cytokines, and reactive oxygen species (ROS) in the absence of 
bacterial stimulation is the main cause of lung injury (Grommes and Soehnlein, 
2011). Specifically neutrophil elastase (NE) seems to correlate with disease severity 
(Donnelly et al., 1995) together with the vast production of ROS and reactive nitrogen 
species (RNS) (Grommes and Soehnlein, 2011). Different mechanisms have been 
proposed by which NE exerts its disruptive effect. Degradation of the basement 
membrane, epithelial damage, proteolytic cleavage of cadherins and degradation of 
luminary surfactant molecules have all been attributed to NE secretion by neutrophils 
(Ginzberg et al., 2001; Hirche et al., 2004). Reactive oxygen species on the other hand 
are radicals defined by unpaired electrons on the outer shell of the oxygen atom. 
These molecules have high reactivity with organic bounds, causing cytotoxicity. ROS 
molecules are produced mostly in phagosomes and in absence of bacterial 
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engulfment, can be secreted and cause local tissue damage (Chabot et al., 1998). 
Increasing inspiratory pressures or ventilation tidal volumes above the physiological 
norm, increases lung pathology and associated proinflammatory cytokine release 
(Eckle et al., 2008) in rats and these injurious MV settings causes pneumonia 
development at lower CFU counts necessary to establish infection and also increased 
the likelihood of developing major complication such as sepsis (Verbrugge et al., 
1998). 

In addition to a local inflammatory response in lung, MV has shown to cause a 
systemic effect as well. Lowered natural killer (NK) cell activity and reduced MIP-2 
and IL-10 expression were reported in splenocyte proliferation assays from 
mechanically ventilated rats (Vreugdenhil et al., 2004). MIP-2 or CXCL2 is mostly 
secreted my monocytes and macrophages and has potent neutrophil attracting 
properties (De Filippo et al., 2013) while NK cells are cytotoxic lymphocytes 
belonging to the innate arm of immunity (Cooper et al., 2001) and IL-10 cytokine 
secretion has known immune modulatory functions (Moore et al., 2001). In children 
ventilated for 2 hours, isolated blood leukocytes showed a lower capacity to produce 
TNFα, IL-6, and IFNγ compared to their baseline control sample taken after 
intubation but before onset of MV (Plotz et al., 2002). In addition, preexisting ARDS 
followed by VILI is known to cause fibroproliferation in both patients and animal 
models (Li et al., 2008; Phan, 2003). Fibroblast proliferation is involved in tissue 
repair processes and these tend to be activated in response to local Th2 cytokines and 
alternatively activated macrophages (Cabrera-Benitez et al., 2014). The lowered 
peripheral immunity and fibrosis formation indicates that MV can cause an anti-
inflammatory response as well. 

MV has been identified as an important attributable factor in the development of VAP 
(Baudouin, 2001; Cook et al., 1998; Pinhu et al., 2003; Rello et al., 1999) since 
patients who receive MV for more than 48 hours have a significant likelihood of 
developing pneumonia compared to non-ventilated patients in intensive care units 
(Celis et al., 1988; Horan et al., 1993; Kollef, 2005). In addition, aspiration of oral or 
gastric contents due to MV-related tracheobronchial intubation can cause lung injury 
as well (Li Bassi et al., 2014). While the exact cause of VAP is unknown, entry of 
resident or exogenous bacteria due to compromising of the respiratory mucosa caused 
by endotracheal intubation (Bergen and Toney, 1998) in the background of lung 
injury and immune changes caused by MV and potential gastric aspiration can be 
considered as the basis of VAP. Improved general management of ventilated patients 
has somewhat reduced VAP incidence in the last years; however, the mortality and 
morbidity associated with this disease has not decreased despite the introduction of 
several new antibiotics in the past decade (Mizgerd, 2006) and gives further credence 
to the fact that MV significantly contributes to VAP pathology.  
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HOST DEFENSE AGAINST P. AERUGINOSA PNEUMONIA  
The etiopathogenesis of VAP is also poorly understood. The possibility that the 
persistent adverse outcomes in VAP/pneumonia patients are due to dysregulated 
pathogen–host interactions has not been fully explored (Ioanas et al., 2004). It is 
possible that an excessive pathogen-initiated host inflammatory response, rather than 
a direct effect of the causative microorganism is responsible for the inadvertent acute 
lung injury leading to acute respiratory distress syndrome observed in VAP patients, 
as is the case with sepsis (Pene et al., 2008). Moreover, it has been proposed that in 
several life threatening conditions, bacterial lung diseases are caused by excessive 
neutrophil migration and resulting damage (Craig et al., 2009).  

Presence of bacteria is marked by activation of pattern recognition receptors (PRR) 
such as Toll-like receptor molecules (TLRs) that bind to pathogen associated 
molecular patterns (PAMPs) or products of their resulting damage (damage associated 
molecular patterns, DAMPs) (Fig. 3) (Whitsett and Alenghat, 2015). PAMPs are 
recurrent evolutionary conserved molecular structures in prokaryotes such as 
lipopolysaccharide (LPS) or flagellin in Gram-negative and lipoteichoic acid (LTA) 
for Gram-positive organisms. These PAMPS are located on epithelial cells lining the 
alveoli as well as specific cells of the immune system such as alveolar macrophages 
and innate immune cells. TLRs belong to the best known and studied PRR. Ten 
different TLRs have been identified (TLR1-TLR10) and can be subdivide into lipid 
recognizing PRRs and nucleic acid recognizing TLRs (Mogensen, 2009). However, 
some bacteria have adopted strategies to inhibit, target or modulate these PRRs and 
their associated intracellular pathways and thus directly interact with the host immune 
system (Kunert et al., 2007). Upon binding to their appropriate ligands, TLRs 
dimerize and undergo conformational changes leading to binding of subsequent 
adaptor molecules such as Myd88 and TRIF. This sets in motion a wide array of 
intracellular signalling pathways including NF-kB, mitogen activated protein kinases 
(MAPK), IFN regulatory factors (IRFs) pathways that ultimately induce gene 
expression of inflammatory mediators. 
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Figure 3. Innate immune responses at the respiratory epithelium. PAMPs and DAMPs 
singling in respiratory epithelial cells and downstream host-defense responses. The 
respiratory epithelium produces mucin containing different antimicrobial peptides. However, 
uppon invasiopn of pathogen into underlining tissues/detection of bacteria tough PAMP 
activation; epithelial cells repond by secreting a myriad of cytokines and chemokines to 
attrack innate immune cells towards the site of invasion/infection. Figure adopted from 
Whitsett and Alenghat, 2015. 

Cytokine secretion by innate immune cells, epithelial cells and alveolar macrophages 
constitutes of TNFα, IFNγ, IL-1α, IL-1β and IL-12 as well as chemotactic molecules 
causing neutrophil attraction towards the site of infection for clearance of the 
invading pathogen (Craig et al., 2009; Delclaux and Azoulay, 2003) as well as 
causing migration of other phagocytic cells and antigen-presenting cells (APCs), such 
as granulocytes, macrophages, and dendritic cells (DCs) (Iwasaki and Medzhitov, 
2004). Specific pathogens however, provoke distinct immune responses that have 
been linked with etiopathogenesis of the disease. Recently, Th17 cells and associated 
cytokines, IL-17-A, IL-17F, IL-23, IL-21 and IL-22 have also been shown to play an 
important role in mucosal immunity and host defense against extracellular pathogens, 
particularly gram-negative organisms (Aujla et al., 2008; Cua and Tato, 2010) by 
regulating neutrophil recruitment and antimicrobial peptide secretion (Kolls et al., 
2008; Xu et al., 2014a). ]. Mice model of P. aeruginosa pneumonia showed that IL-
17A and F expression regulate neutrophil recruitment to the lungs and is linked with 
increased survival and enhanced bacterial clearance (Xu et al., 2014a). IL-23 is an 
important inducer of IL-17 secretion (Happel et al., 2005; Langrish et al., 2005) and 
IL-22 and IL-21 are combined with IL-17, the main Th17 effector cytokines (Bettelli 
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et al., 2007; Ochsner et al., 1995) or Th22 cells for IL-22 (Zambrano-Zaragoza et al., 
2014). Although mostly associated with cells of the adaptive arm, innate immune 
cells can express IL-17, IL-21, IL-22 and IL-23 as well (Sutton et al., 2009; Sutton et 
al., 2012; Xu et al., 2014b). Both innate lymphoid cells and γδT cells have been 
identified as major sources of IL-17 production at mucosal surfaces providing 
protection against extracellular pathogens (Sutton et al., 2012). NK cells have been 
shown to secrete IL-22 following gram-negative K. pneumoniae pneumonia that has 
been linked with increased survival (Xu et al., 2014b) and increased transepithelial 
resistance to injury (Aujla et al., 2008) in mice. NKT cells, important innate immune 
cells able to secrete IL-17 (Coquet et al., 2008) and are important mediators in 
eradication P. aeruginosa pneumonia from the airways leading in creased survival in 
a pneumonia mouse model (Nieuwenhuis et al., 2002).  

One of the main functions of IL-17, besides stimulating neutrophil chemotaxis, is 
inducing antimicrobial peptide (AMP) secretion from epithelial cells (Fujie et al., 
2012; Kolls et al., 2008). AMPs are evolutionary conserved small molecular weight 
peptides/proteins that can be divided into 2 main groups: cathelicidins and defensins. 
Both have similar mechanisms of action able to disrupt prokaryotic cell membranes 
(Izadpanah and Gallo, 2005). In both in vitro and in vivo assay for P. aeruginosa 
infection, beta-defensins and cathelicilins showed to have protective effects 
(Beaumont et al., 2014; Harder et al., 2000; Shen et al., 2014; Shu et al., 2006; 
Wehkamp et al., 2006). Other important antibacterial peptides belong to the iron-
scavenging class of molecules such as lipocalin-2 that limit essential element 
availability for invading pathogens (Shen et al., 2005). Apart from exerting 
cytotoxicity on the invading pathogenic microorganisms, AMPs can have immune 
modulatory function as well (Zanetti, 2004) such as enhancing early neutrophil 
chemotaxis (Beaumont et al., 2014). 

THE PROINFLAMMATORY ANTI-INFLAMMATORY PARADIGM 

Inflammatory responses are classically subdivided into either Th1 or Th2 mediated to 
rationalize the patterns of observed immune response (Kidd, 2003) with Th1 or type-1 
immunity traditionally viewed as “cellular immunity” to fight viruses and other 
intracellular pathogens thus termed “proinflammatory” and Th2 or type-2 immunity 
as “humoral immunity” responsible to up-regulate antibody production to fight 
extracellular organisms such as parasites and viewed as anti-inflammatory or 
alternative activated inflammatory state (Fig. 4) (Cella et al., 2014; Kidd, 2003). 
Development of these CD4+ effector T cells by cytokines elicited trough PAMP 
and/or DAMP activated cells of the innate immune system is considered hallmark of 
adaptive immunity (Weaver et al., 2006). Although this restricted view has become 
more broaden with the discovery of CD4+ T cell subsets other than Th1 or Th2, 
however, the classification of individual cytokines belonging to either 
proinflammatory Th1-type immunity or anti-inflammatory Th2-type immunity 
remains common. 
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Figure 4. CD4+ T cell differentiation and effector molecules. T helper cell subsets and 
cytokine profiles. Figure displays main inducing factors promoting Th1, Th2, Th17 and iTreg 
cells differentiation as well as main transcription factors and effector molecules for each 
subset. Figure adopted from Zhu and Paul, 2008. 

Classical Th1 cells, characterized by expression of the unique transcription factor 
Tbet (Kanhere et al., 2012; Szabo et al., 2000), secrete Th1 polarizing cytokines IFNγ, 
IL-2 and IL-12 and main Th2 polarizing cytokines, induced by Gata3 and Stat6 
(Kanhere et al., 2012), include IL-4, IL-5 and IL-13. IFNγ production by NK cells and 
IL-12 secretion by antigen presenting cells (APCs) will induce Th1 polarization. In 
addition, IL-2 alone has been shown to be sufficient to induce Th1 cell differentiation 
from CD4+ cells (Zhou et al., 2003). Th1 cytokines secretion will result in 
macrophage activation and release of other inflammatory mediators including TNFα, 
IL-1α, IL-1β en chemotactic molecules further implying the inflammatory process. 
IL-4 on the other hand, is a potent inducer of naive CD4+ T cell differentiation into 
CD4+Th2 effector cells (Swain et al., 1990) and secretion of IL-4 by Th2 cells will 
result in alternatively activated M2 macrophages, attraction of eosinophils and 
induction of tissue repair processes such as fibrosis (Swain et al., 1990). Similarly, IL-
13 is has known anti-inflammatory properties, particularly associated with the 
induction of airway diseases (Venkayya et al., 2002) while IL-5 is an important 
stimulator of eosinophils, innate immune cells associated with the effector arm of Th2 
immune responses and recent data even indicates that activated eosinophils are 
present most early in response to Th2-inducing agents where they function in the 
initiation of Th2 immunity (Spencer and Weller, 2010). However, accumulating 
evidence over the past decade revealed a much more dynamic picture of Th2 
immunity, where eosinophils are present very early in response to Th2-inducing 
agents and function in the initiation of Th2 immunity (Spencer and Weller, 2010). 
Th1 and Th2 differentiating cytokines display opposite, cross regulatory effects 
providing a mechanism whereby innate immune defenses guide appropriate effector T 
cell responses that, in turn, orchestrate the host response (Weaver et al., 2006).  
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Other main T cell subsets responsible to orchestrate specific immune responses 
include Th17, Th22 and Tregs, cells that, depending on the cytokine environment, 
behave in a pro- or anti-inflammatory state (Gagliani et al., 2015; Sabat et al., 2014). 
While most research on Th17 cells and associated cytokines focused on the 
proinflammatory effects that are elicited, both IL-17 and IL-22 have been implicated 
in anti-inflammatory pathways following airway inflammatory conditions. For 
instance, IL-17 secretion by γδ–T cells has been shown to mediate resolution of 
allergic airway inflammation, (Murdoch and Lloyd, 2010). Similarly, high IL-22 
expression can suppress immune responses via an IL-10 dependent pathway (Besnard 
et al., 2011). Moreover, it was recently shown that Th17 cells can interchange their 
phenotypes by trans-differentiation resulting in IL-10 producing immune suppressive 
Tregs and IL-17 secreting Th17 cells can also take up anti-inflammatory roles and 
secrete IL-4 (Gagliani et al., 2015; Panzer et al., 2012).  

The differentiation decision of T cells is thus predominantly governed by the 
cytokines in the local environment. The benefits of these adaptive CD4 T cell 
responses, however, come at a cost as inappropriate T cell activation can cause host 
pathology leading to unwanted immune reactions, as is the cause in post-stroke 
infectious complications (Prass et al., 2003; Weaver et al., 2006). Immunosuppression 
with a Th1-to-Th2 cell shift immediate following cerebral stroke induces a systemic 
immunosuppression (SIIS), rendering patients more susceptible towards developing 
severe infections such as pneumonia (Prass et al., 2003). 

A similar distinction between “proinflammatory” and “alternative activated” or “anti-
inflammatory” function exists amongst the different macrophage activation states that 
mirror the Th1–Th2 polarization of T cells. Classically viewed as either M1 
(proinflammatory) or M2 (anti-inflammatory)(Fig. 6), M1 macrophages arise in 
response to IFNγ secretion by Th1 or NK cells and TNFα secreted by APCs and are 
known to secrete IL-1α, IL-1β, IL-6 and IL-23, inducing Th17 cells as well as 
producing IL-12 to promote Th1 cell differentiation (Mosser and Edwards, 2008). In 
addition to cytokine secretion, M1 macrophages are the main phagocytic cells 
following infection and are characterized by increased NO production and expression 
MHC II. M2 macrophages on the other hand are induced by IL-4 and IL-13 produced 
by Th2 cells or granulocytes and can act in an immune suppressive and regulatory 
manner characterized by high IL-10 secretion and regulation of tissue repair processes 
(Mosser and Edwards, 2008; Sica and Mantovani, 2012) and are known for their high 
phagocytosis capacity in clearing apoptotic cells, ability to produce extracellular 
matrix (ECM) components, secretion of angiogenic and chemotactic factors as well as 
the ability to mitigate proinflammatory responses (Roszer, 2015). The anti-
inflammatory function of the M2 macrophage is further marked by the lowered iNOS 
and increased Arginase1 expression leading to polyamine production in spite of ROS 
(Gobert and Wilson, 2012; Roszer, 2015). M2 macrophages are frequently further 
subdivided into M2a, M2b and M2c, M2d, tumour associated macrophages (TAM) 
and tissue resident M2 macrophages (Roszer, 2015). However, recent evidence 
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suggests a much more dynamic picture with M1 and M2 being the extremes of 
polarization of a spectrum that exists between the two, since macrophages display 
remarkable plasticity and can change their physiology in response to environmental 
cues (Mosser and Edwards, 2008; Sica and Mantovani, 2012; Xue et al., 2014).  

 

Figure 6. Macrophage polarisation spectrum between M1 and M2 type. Macrophage 
polarization spectrum showing extreme forms of either M1 or M2 type. M1 is considered as 
proinflammatory compared to the anti-inflammatory M2 phenotype, both mediated by a set 
of specific factors. The expressions of specific genes are altered in transition from M1 to M2. 
Upregulated genes are shown with red arrowheads, whereas down-regulated genes are 
shown with green arrowheads. Arg-1, arginine-1; iNOS, inducible nitric oxide synthase; 
LPS, lipopolysachharide; MHC-II, major histocompatibility complex class II; TNF-α, tumor 
necrosis factor α; Ym-1, chitinase 3-like 3. Fugure adopted from Das et al., 2015. 

CURRENT CHALLENGES SURROUNDING VAP DIAGNOSIS 

The absence of a “gold standard” continues to fuel controversy about the adequacy 
and relevance of many studies in this field (American Thoracic and Infectious 
Diseases Society of, 2005). The currently employed CDC definition of P. aeruginosa 
VAP consists of radiographic changes and clinical signs including at least one of the 
following: fever more than 38°C, leukopenia or leukocytosis, new-onset purulent 
sputum or change in sputum character, increasing respiratory secretions or suctioning 
requirements, worsening gas exchange, or increased oxygen requirements. In 
addition, patients had to have at least two serial chest radiographs with at least one of 
the following: new or progressive and persistent infiltrate or consolidation. For 
patients without underlying pulmonary or cardiac disease, one definitive chest 
radiograph was acceptable. Microbiologic criteria should support the clinical finding 
and include a minimally contaminated lower respiratory culture obtained by 
bronchoalveolar lavage (BAL), protected specimen brushing, or nonbronchoscopic-
BAL positive for P. aeruginosa. Moreover, studies have estimated the prevalence of 
possible P. aeruginosa VAP with ETA with more than 105 cfu/mL or at least 
moderate or +2 growth on semiquantitative culture for microbiologic criteria (Kollef 
et al., 2014). However, it should be noted that in certain situations, especially when 
patients are administered antibiotics, microbiological cultures can turn out negative 
whilst the clinical parameters indicate onset of infection (Kollef and Kollef, 2005). 
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BIOMARKER RESEARCH FOR EARLY DETECTION OF PNEUMONIA 
Early diagnosis of pneumonia is of high importance in a hospital setting. Current 
diagnostic measures amongst others include development of fever, increase of white 
blood cell count and inflammatory parameters in blood and positive infiltration on 
chest radiography. With the presumption of pneumonia development, patients are 
usually administered broad-spectrum antibiotics as the precise etiologic agent is still 
unknown. All to frequently, clinicians rely on positive culture from BAL or 
sputum/endotracheal aspirates to identify the causing etiology and start a targeted 
antibiotic therapy. However, culturing of biological material requires 18/48 hours 
depending on the pathogen and more time is needed when subtyping for antibiotic 
resistance genes. A clear need is present for rapid diagnostic tests that would allow for 
a timely institution of targeted antibiotics (Bergen and Toney, 1998), while reducing 
inappropriate antibiotic usage that itself is linked with increased antibiotic-resistance 
in pathogenic organisms (Goossens et al., 2005; Goossens and Little, 2006). Different 
molecular methods exist for detection of either specific bacterial species or the 
presence of resistance genes (Gazin et al., 2012) although most are still PCR-based 
and have limited sensitivity (Malhotra-Kumar et al., 2010). Therefore other methods 
have been applied to detect either pneumonia as a disease itself or the etiologic agent. 

Medline search performed in 2016 with keywords “VAP” and “biomarker” retrieved 
>200 recent references regarding more than 11 different prognostic or diagnostic 
markers in VAP patients most frequently identified in BAL fluid or serum (Table 2). 
Most frequently studied biomarkers are general inflammatory systemic markers 
present in blood such as C-reactive protein (CRP) and procalcitonin (PCT) combined 
with clinical information such as the Clinical Pulmonary Infection Scores (CPIS) or 
the Acute Physiology and Chronic Health Evaluation II (APACHE II) scores using 
regression models (Hillas et al., 2010). CRP is an acute phase protein secreted by the 
liver and extensively used in clinics as indications of infections, however, the 
prognostic or diagnostic potential value of CRP in VAP patients is limited. Several 
studies have reported a low specificity in patients mechanically ventilated for more 
then 48h (Oppert et al., 2002; Ramirez et al., 2008). Procalcitonin is the precursor 
peptide of calcitonin, a hormone involved in calcium homeostasis and high level in 
blood are indicative of bacterial infection (Assicot et al., 1993). PCT has been widely 
studied in relation with VAP diagnosis in both blood and BAL samples, however, 
various results have been obtained with fluctuating sensitivity and specificity 
(Determann et al., 2005; Duflo et al., 2002; Gibot and Cravoisy, 2004; Jung et al., 
2010; Oppert et al., 2002) rendering PCT not ideally suited for VAP diagnosis. 

In 2004, soluble triggering receptor expressed on myeloid cells (sTREM-1) was 
identified BAL form patients receiving mechanical ventilation was put forward as a 
potential marker for establishing or excluding both bacterial and fungal pneumonia 
(Gibot et al., 2004) showing a sensitivity of 98% at a specificity of 90%. This 
molecule has an immunoglobulin like structure and its expression is inducing in 
phagocytes when encountering microbial products. In addition, sTREM-1 was 
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believed to have prognostic potential as well (Wu et al., 2011). However, other 
studies were not able to reproduce these initial observations (Anand et al., 2009; 
Determann et al., 2005; Oudhuis et al., 2009). 

Table 2. Proposed biomarkers for diagnosis and outcome in VAP patients. 

Marker Tissue Pneumonia type Main outcome References 

C-reactive 
protein 

Serum CAP, VAP, HAP Potential pronostic 
value 

Pelosi et al., 2008; Ramirez 
et al., 2008;  
Hillas et al., 2010; Povoa et 
al., 2016; 
Lin et al., 2013 

Procalcitonin Serum/
BAL 

CAP, VAP, HAP low specificity and 
sensitivity for 
diagnosis 

Bloos et al., 2011; Pelosi et 
al., 2008;  
Ramirez et al., 2008; Jung et 
al., 2010; 
Povoa et al., 2016 

sTREM-1 BAL VAP No predictive value, 
potential prognostic 
marker 

Wu et al., 2011; Oudhuis et 
al. 2009;  
Anand et al., 2009; 
Determan et al., 2005;  
Gibot et al. 2004 

MR-proANP Serum VAP Organ failure and 
mortality marker VAP 

Boeck et al., 2011; Seligman 
et al., 2008; 
Povoa et al., 2016 

Copeptin Serum VAP Outcome predictor Seligman et al., 2008 
PA-I  BAL VAP/HAP AUC of 0.82 in 

peadiatric patients 
Srinivasan et al., 2011 

CC-10  BAL VAP/HAP AUC of 0.586 Vanspauwen et al., 2011 
β-d glucan Serum Candida-VAP Prognostic marker Heyland et al., 2011 
Endotoxin  BAL VAP Positive predictive 

value, 67% 
Flanagan et al., 2001 

Elastin fibres ETA VAP Low sensitivity (43%) 
and specificity (44%) 

El-ebairy et al., 1995 

Combination of 
IL-1β and IL-8 

BAL VAP Compared with healthy 
control individual 

Conway Morris et al., 2010; 
Hellyer et al., 2015; Grover 
et al., 2014 

CD64 Serum VAP/sepsis Survival predictor Muzlovic et al., 2016 
suPAR Serum VAP Low sensitivity (77%) 

and specificity (71%) 
Sunnetcioglu et al., 2015 

TNFRI-GCSF Plasma VAP ROC-AUC of 0.96 in 
small cohort 

Martin-Loeches et al., 2015 

Leptin Serum VAP No association with 
VAP 

Parmentier-Decrucq et al., 
2014 

LBP-PCT Serum VAP Potential prognostic 
combination 

Rumende and Mahdi, 2013 

PTX3 Serum VAP Higher prognostic 
value compared to CRP 

Lin et al., 2013 

sTrem-1, soluble triggering receptor expressed on myeloid cells 1; ETA, endotracheal 
aspirate; BAL, bronchoalveolar lavage; AUC, area under curve of receiver operating curve 
(ROC); MR-proANP, midregional pro-atrial natriuretic peptide; PA-I, plasminogen inhibitor; 
CC-10, clara cell protein 10; suPAR, soluble urokinase-type plasminogen activator receptor; 
TNFRI, tumor necrosis factor receptor 1; GCSF, granulocyte-colony stimulating factor; LPB, 
lipopolysaccharide binding protein; PTX3, pentraxin 3 
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Other indicative biomarkers postulated previously in serum of mechanically 
ventilated patients include pancreatic stone protein that showed prognostic potential 
towards organ failure (Boeck et al., 2011), midregional pro-atrial natriuretic peptide 
improved prediction of clinical severity and mortality (Boeck et al., 2011; Seligman et 
al., 2008b) and copeptin levels as well increase concurrent with disease severity as 
independent predictor of mortality in VAP patients (Seligman et al., 2008a). 
Plasminogen activator inhibitor (PAI-1) concentration showed to be useful in 
discriminating between VAP and lower respiratory tract colonisation (Srinivasan et 
al., 2011). Clara cell protein 10 (CC-10) is a protein secreted by nonciliated Clara 
cells and has anti-inflammatory properties and believed to be upregulated in VAP 
patients. However, diagnostic potential of this molecule in BAL fluid of mechanically 
ventilated patients is low (Vanspauwen et al., 2011). Other potential biomarkers 
related towards diagnosing VAP is based on the presence of specific pathogenic 
molecules in biological fluids. Presence of β-d glucan in serum, an important 
component of the cell wall with known antigenic properties, is indicative for Candida 
infection (Heyland et al., 2011), presence of endotoxin in BAL fluid is indicative of 
bacterial infection/colonisation (Flanagan et al., 2001) as well as the presence of 
elastin fibres (el-Ebiary et al., 1995). In addition to pathogen-associated molecules, 
other studies have focussed on immune related markers present upon VAP 
development. The combination of IL1-β and IL-8 with higher concentration than a 
predefined cut-off value has been proposed as a discrimination factor between VAP 
and non-VAP patients (Conway Morris et al., 2010). In general, these aimed at 
identifying diagnostic or prognostic biomarker for VAP are largely contradicting and 
no clear marker for either VAP, the associated etiology is currently available. 
Recently, the upcoming technique of multiplex-protein assays has become more used 
to screen VAP patient samples (Martin-Loeches et al., 2015). Such assays allow 
simultaneous measurements of over 50 different parameters from as little as 25 µL 
serum sample. Utilizing this high throughput screening method TNFRI in 
combination with GCSF was identified as a potential predictive biomarker for VAP 
able to discriminate VAP patients from MV matched control individuals (Martin-
Loeches et al., 2015). 

BAL is the ideal sample for diagnostic testing on suspicion of VAP as this “tissue” is 
in direct contact with the pulmonary environment compared to blood. However, the 
sampling of BAL does have certain disadvantages. First, a clinician has to be present 
to take the respiratory sample and secondly, BAL sampling is an invasive technique 
with associated risks that include inducing inflammation (British Thoracic Society 
Bronchoscopy Guidelines Committee, 2001) and possibly infection (Collins et al., 
2014) thus reducing the potential for routine diagnostics tests. Urine on the other hand 
requires no intricate handling for sample collection and has lower background and 
matrix effects compared to serum (Chiu et al., 2010). Two of the main causes of CAP, 
S. pneumoniae and L. pneumophila serotype C (Johansson et al., 2010), are currently 
being diagnosed by antigen detection in urine (Dominguez et al., 2001; Helbig et al., 
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2003) indicating that bacterial products are being secreted in this biological fluid at 
levels high enough to allow detection. 

SHOTGUN MASS SPECTROMETRY AS A PLATFORM FOR BIOMARKER 
DISCOVERY 
Shotgun or discovery proteomics refers to analyzing the complete set of proteins in a 
given sample using high-resolution mass spectrometers in data dependent acquisition 
(DDA) bottom-up approach (Sajic et al., 2015). Standard workflow includes a 
potential pre-fractionation step to reduce the complexity, followed by protein 
digestion usually performed with trypsin. Resulting peptides mixtures are 
chromatographically separated, most frequently based on hydrophobicity, and the 
eluting peptides online analyzed by tandem MS/MS (Domon and Aebersold, 
2010)(Figure 7). The most abundant peptide ions in the MS1 scan are selected for 
fragmentation and resulting MS2 spectra are identified using either in silico 
fragmentation algorithms such as Sequest and Mascot or by de novo sequencing 
(Sajic et al., 2015). High-resolution mass analyzers such as QTOF and Orbitrap 
spectrometers are required to accurately analyze the precursor masses leading to more 
confident identifications. Resulting peptides are matched with a given database 
identify the corresponding protein (Bruce et al., 2013). Applying a dynamic exclusion 
acquisition parameter and multidimensional LC can increase the likelihood of 
detecting low abundant proteins (Sajic et al., 2015) however, the data dependent 
nature of acquisition leads to low reproducibility between different experiments (Sajic 
et al., 2015). More recently, data-independent acquisition (DIA) proteomic methods 
have been developed were all precursor ions under a given LC-peak are selected for 
fragmentation such as SWATH-MS (sequential window acquisition of all theoretical 
mass spectra) (Gillet et al., 2012). Each MS2 spectrum is therefore not only a unique 
fingerprint of one single peptide but derived from all peptides that eluted at the same 
retention-time (Sajic et al., 2015). This however increases the complexity of the data, 
especially with modified peptides rendering DDA mass spectrometry still the 
preferred choice for biomarker discovery.  

Shotgun proteomic approaches are most often designed to allow maximum number of 
identifications at the cost of reliable quantitative information. The development of 
latest generation mass-spectrometers however, allows for both to be combined. In 
general there are 2 main approaches: labeled and label free analyses. In label free 
analyses, the relative intensity of the precursor ion is used to estimate the abundance 
of the individual peptides that will be used to estimate the protein abundance. This 
method however requires dedicated hardware such as Orbitrap technology, to be able 
to perform such analyses. The labeled approach chemically modifies each peptide by 
adding a mass tag most often on the N-terminus. Different labeling methods have 
been developed such as iTRAQ and TMT that rely on the same principle. Each 
peptide in a sample is covalently bound with one specific mass tag. These tags consist 
of a reactive group, a mass balancer and a reporter group. Important to note is that the 
different mass tags used have identical mass and hydrophobicity. Different samples 
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can be labeled with different tags and based on the relative intensities of the reporter 
ions in the MS2 spectrum, relative quantification between the different multiplexed 
samples can be obtained. 

 

Figure 7. Typical LS-MS/MS workflow. Graphical representation of shotgun proteomics 
experimental setup typically employed in LC-MS/Ms experiments. Protein samples are 
digested and resulting peptide mixture separated on nano-liquid chromatography directly 
linked with inlet of mass spectrometer. MS1 scan is usually performed in high-resolution 
mass analyzers cfr. Orbitrap or cyclotron, after fragmentation, resulting peptides masses are 
determined in second online linked mass analyser (MS2 scan). Figure is adopted from “The 
Institute of Physiology”, University of Freiburg (http://www.physiologie.uni-freiburg.de).  

DDA shotgun proteomic approaches however have inherent limitations. Recorded 
fragmentation spectra have to be assigned a peptide sequences based on their 
similarities with in silico generated fragmentation spectra resulting from an in silico 
digested FASTA sequence database. An incomplete database, mismatching of the 
spectra or inability to interpret the spectra leads to misidentified or unidentified 
peptides and proteins (Paulovich et al., 2008; Sajic et al., 2015). This becomes 
especially challenging when trying to hunt for unique bacterial peptides in a complex 
host background, as different databases have to be combined and uncertainty over the 
identified peptides emerge. In addition to this data interpretation limitation, mass-
spectrometers operated in DDA are especially known for their irreproducibility as 
explained above. Validating proteins identified in the discovery phase is most often 
performed using a targeted approach. Based on the observed retention time and m/z 
values of peaks from the tandem MS spectra, dedicated reaction monitoring 
experiments can be designed to screen different samples for a select number of 
proteins (Sajic et al., 2015) although drastically increasing the cost (Paulovich et al., 
2008). 

Despite the above-mentioned limitation, shotgun proteomics has become an attractive 
tool in screening biological samples for potential biomarkers. Focussing specifically 
on urine related research, over 1500 potential proteins are currently identified in urine 
samples of healthy individuals (Adachi et al., 2006; Li et al., 2010; Marimuthu et al., 
2011). Many different fields have benefitted from this technology especially in the 
field of cancer research. Mass spectrometry applied on urine samples of bladder 
cancer patients yielded different proteins as potential biomarkers (Irmak et al., 2005; 
Iwaki et al., 2004; Vlahou et al., 2001). Unique proteins secreted in urine have as well 
been identified in patients suffering from prostate cancer (Rehman et al., 2004), 
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ovarian cancer (Ye et al., 2006), pancreatic cancer (Pan et al., 2015) and even 
biomarkers unique for lung carcinomas (Tantipaiboonwong et al., 2005). Other 
diseases include renal dysfunction such as diabetic and immunoglobulin A mediated 
nephropathy and acute lung injury (Alkhalaf et al., 2010; Kalantari et al., 2015; Rao et 
al., 2007). Especially urinary exosomes have shown to be a valuable resource for 
biomarker discovery in renal dysfunctions (Pisitkun et al., 2004). Few studies have 
investigated the urinary proteome of patients suffering form infections distal from the 
kidney. Using an iTRAQ labelled 2D-LC-MS/MS setup, low LAMP-1 concentrations 
have been identified as having a potential prognostic potential in sepsis patients 
(Mestas and Hughes, 2004), however, further validations still need to be performed. 
Identifying unique peptides or proteins of specific bacterial origin however provide a 
clear more clear distinction between patients that are either infected or colonised and 
those that are not. As such, these markers have the potential to be of a higher 
diagnostic discriminating factor. Specifically focussing on urine protein biomarkers 
for pulmonary infection, one study identified a total of 524 proteins in urine from TB 
patients, however, only 17 of these proteins were consistently present over all patient 
samples. Ten of these were show to be absent in latent TB patients and uninfected 
control individuals (Young et al., 2014) rendering them as potential candidates for 
future validations. This study showed both the advantages and pitfalls of applying 
DDA bottom up shotgun proteomics in a discovery way in clinical samples. Although 
524 proteins were originally identified as being unique for M. tubercolusis and 
present in patient urine samples, less than 2% were consistent over all patient samples 
which leaves to question if the majority of the identified proteins were false positive 
results. Nonetheless, the consistent identification of these low abundant proteins 
provides evidence for the added value shotgun proteomics can have in biomarker 
research. 

Presence of unique metabolic pathways and lipids in prokaryotes recently lead to new 
strategies for identifying biomarkers related to pulmonary infections including 
detailed lipidomic, metabolomic and exhaled breath analyses. LC-MS/MS analysis of 
induced sputum form COPD patients identified over 1500 lipids present of which 209 
(sphingolipids, posphatidylethanolamine lipids and tobacco related lipids) were 
differentially higher in COPD patients with a background of smoking. Apart form the 
LPS layer containing lipid a moieties, Pseudomonas is known to express unique 
groups of rhamnolipids intimately linked with its quorum sensing system (Ochsner et 
al., 1995; Reis et al., 2011). In addition, plasma lipid profile has proven to be able to 
distinguish bacteremia patients from patients with negative blood cultures (To et al., 
2015). Besides unique molecules expressed by bacteria, host immune response 
towards individual pathogen species can result in unique metabolic compounds 
produced as a by-product. Unique metabolic biomarkers present in patients infected 
with M. tubercolusis compared to pneumonia patients suffering from different 
etiologies and healthy control individuals have recently been identified (Lau et al., 
2015; Weiner et al., 2012). Volatile organic compound analyses in exhaled breath for 
distinguishing VAP from non-VAP patients has gained more attention over the last 
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years (Boshuizen et al., 2015; Fowler et al., 2015; Schnabel et al., 2015a; Schnabel et 
al., 2015b). Different methodologies exist for chemical analysis including electronic 
nose applications that use altered conductivity of semiconductors in presence of 
oxidizing molecules (Schnabel et al., 2015b). However gas chromatography followed 
by mass spectrometry (GC-MS), has been the most common method applied 
(Boshuizen et al., 2015; Fowler et al., 2015; Schnabel et al., 2015a). Although these 
studies are able to differentiate VAP from non-VAP patients, on-patient sampling and 
analysis is cumbersome. More over, gas containers used for such analyses are the 
most reliable sampling containers as gas molecules from the surrounding environment 
can influence the final analysis. Additionally, most of the volatile organic molecules 
detected are believed to be of host immune origin related with oxidative processes 
rather than bacterial, rendering species specific identification a major challenge. 
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CHIEF AIMS 
The overarching aim of this PhD project was to develop animal models of P. 
aeruginosa pneumonia and associated lung inflammatory conditions and implicate 
these for: 

(i) Investigating the contributing role of MV on VAP pathogenesis. Several studies 
indicated above demonstrated that MV is a major risk factor for pneumonia 
development. Additionally, MV itself provokes a complex immune reaction both in 
the lung and systemically. We sought to better understand the local immune changes 
in lung after MV using a rat model focusing on important cytokine expression and 
macrophage polarization. Especially we aimed to explore the possibility whether MV 
induces immunosuppression such as has been described in stroke patients progressing 
towards infections including pneumonia. 

(ii) Study the innate immune response against acute P. aeruginosa pneumonia. 
Several studies have shown the contributing role of distinct Th1 and Th17 related 
cytokines in the early phases after P. aeruginosa pulmonary infection using different 
animal models. However, data as yet is lacking on common denominators between 
these pneumonia models. We aimed to compare our VAP model with other generally 
used pneumonia models including a simple acute model and a model of chronic 
pneumonia utilizing agar beads. We focused on expression of major Th-cell subset 
associated cytokines in a holistic fashion to better understand host immune response 
against this pathogen in distinct models. 

(iii) Identify potential diagnostic markers of P. aeruginosa infection. A major 
contributing factor to mortality and morbidity in VAP patients is attributed to 
diagnostic problems. Early knowledge of the etiologic agent would encourage better 
antibiotic treatment regimes that ultimately lead to a better patient outcome. 
Combined with patient samples, we aimed to explore the complete proteome present 
in urine of infected individuals to discover unique Pseudomonas aeruginosa related or 
host peptides/proteins related with VAP/pneumonia.  
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ABSTRACT 
The precise pathomechanisms in development of pneumonia in mechanically 
ventilated patients remain unknown. Several studies in humans and animal models 
have shown an acute upregulation of several proinflammatory/Th1 cytokines in 
bronchoalveolar lavage (BAL) fluid and blood as a consequence of mechanical 
ventilation (MV); however, a lowered capacity of peripheral blood lymphocytes in 
secreting key proinflammatory cytokines in patients ventilated for 2 hours is also 
reported, suggesting a possible role of immunosuppressive Th2 cytokines. Here we 
show that two lung protective ventilation protocols in rat with 5 or 8 mL/kg tidal 
volumes leads to an acute upregulation of several proinflammatory/Th1 cytokines 
in lungs, but also to an acute downregulation of Th1-specific transcription-factor T-
bet accompanied by a sharp decline in proinflammatory cytokines post-ventilation. In 
contrast, the transcript levels of the key Th2 cytokine, IL-4, showed a significant and 
sustained upregulation, resulting in a ≈14-fold increased protein levels in BAL fluid 
post-ventilation. Transcript levels of IL-13 and other cytokines involved in Th2 
pathway were also significantly elevated after MV and corroborated with increased 
lung infiltration of arginase1-positive (Arg1+) M2 macrophages. Ventilated rats when 
intratracheally challenged with P. aeruginosa had higher proportions of Arg1+ 
macrophages, increased bacterial burden, and a more severe disease, compared to 
non-ventilated animals receiving the same bacterial dose. Interestingly, MV-induced 
Arg1+ macrophages showed reduced capacity towards phagocytosing bacteria in ex 
vivo assays. We propose that MV induces Th2 cytokine secretion and macrophage 
polarization towards M2, causing reduced bacterial clearance by macrophages and 
increased vulnerability towards developing ventilator-associated pneumonia. 

Keywords: Ventilator-associated pneumonia; mechanical ventilation; 
immunosuppression; M2 macrophage; IL-4, IL-13; Th1/Th2/; eosinophil; acute lung 
injury; ventilator-induced lung injury 
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INTRODUCTION 
Patients receiving mechanical ventilation (MV) for more than 48 hours have a ≈10-
fold higher likelihood of developing pneumonia called ventilator-associated 
pneumonia (VAP) (ATS, 2005). In the United States alone, between 250,000 and 
300,000 VAP cases occur per year with incremental costs estimated at $5,000 to 
$20,000 per diagnosis (Koenig and Truwit, 2006). Although several organisms can 
cause VAP, Pseudomonas aeruginosa is one of the most important etiologic agents, 
associated with high mortality rates (Kollef et al., 2014).  

While the pathogenesis of VAP is not completely understood, tracheal intubation 
along with MV are considered important risk factors in development of VAP (Chevret 
et al., 1993). Tracheal intubation causes aspiration of pathogenic bacteria from 
endotracheal tubes as well as from oropharynx and gastrointestinal tract (Rello and 
Diaz, 2003). On the other hand, volutrauma or overstretching of alveoli especially due 
to higher tidal volume (VT) ventilation causes ventilator-associated lung injury and 
can lead to development of post-MV complications including VAP. These injuries 
result in increased release of proinflammatory mediators such as TNFα, IFNγ, IL-6, 
IL-1α and IL-1β as well as an intense neutrophil migration to the lung (Tremblay et 
al., 1997; Vaneker et al., 2007). The use of lower VT ventilation strategies have been 
shown to significantly improve patient outcomes in several clinical trials in patients 
with or without acute respiratory distress syndrome (ARDS) (Serpa Neto et al., 2012; 
The ARDS Network, 2000), however, these lung protective ventilation strategies are 
only able to reduce but not prevent lung inflammation (Dhanireddy et al., 2006; 
Vaneker et al., 2007). 

In general, 2 main types of inflammatory responses can occur, a Th1 proinflammatory 
response and a counteracting Th2 response predominantly mediated by Th1 and Th2 
cells within the adaptive arm of immunity. Originally discovered in rodents, Th1 cells 
drive the type-1 immunity (cellular immunity) to fight viruses and other intracellular 
pathogens, while Th2 cells drive the type-2 immunity (humoral immunity) to 
upregulate antibody production and maintain homeostasis by anti-inflammatory 
action. The increased proinflammatory Th1 cytokines associated with ventilator-
associated lung injury might also be protective against bacterial infection, however, 
the significance of these inflammatory alterations is debatable and has not translated 
into clinical application (de Prost et al., 2011). 

Remarkably, a 2 hours MV in children with 10 mL/kg VT undergoing uncomplicated 
catheterization has been shown to cause lymphopenia and lead to a lowered capacity 
of stimulated blood leukocytes to produce IFNγ, TNFα, and IL-6 (Plotz et al., 2002). 
A similar immunosuppressive effect with lowered potential of IFNγ production 
relative to IL-4 is observed in stroke related immunosuppression where animals also 
develop spontaneous pneumonia (Prass et al., 2003). Increased bacterial survival has 
also been described in VAP rodent models compared to simple pneumonia infection 
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models (Brackenbury et al., 2004; Lin et al., 2003; Wu et al., 2011). In “non-
infectious” lung inflammatory conditions such as asthma and chronic obstructive 
pulmonary disease (COPD), a heightened Th2 response with upregulation of IL-4 and 
IL-13 is also observed where it is associated with reduced bacterial immunity 
(Beisswenger et al., 2006; Moser et al., 1997). However, despite the potential 
predetermining effect of MV on VAP development, existence of a similar Th2 
cytokine-driven immunosuppression has not been studied here.  

In this paper, with the hypothesis that MV causes a local immunosuppressive effect in 
lung and contribute to the pathology of ventilator-associated pneumonia, we studied 
and compared cytokines associated with Th1 and Th2 type immunity and macrophage 
phenotypes under different mechanical ventilation strategies. We showed that two 
protective MV strategies of 8 mL/kg, commonly used in patients without preexisting 
lung injury as well as in children, and of 5 mL/kg, frequently employed in ARDS 
patients, shift the Th cytokine balance towards a Th2 immunosuppressive milieu in 
lung resulting in Arg1+M2 macrophages with lowered phagocytic capacity leading to 
a worsened lung infection after bacterial challenge. 
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METHODS 

Endotracheal intubation 

All animal experiments were conducted according to the guidelines of the Federation 
of European Laboratory Animal Science Associations and approved by the University 
of Antwerp Ethics Committee. Rats were anesthetized using 100 mg/kg ketamine and 
1 mg/kg medetomidine and intubated utilizing a Hallowell tilting rat intubation 
platform (Hallowell EMC, Pittsfield, USA). Briefly, anesthetized rats were placed on 
the tilting platform in a horizontal position. An elastic band was placed behind the 
front incisors and attached to the platform. The platform was tilted 45° and the tongue 
was pulled out using blunt forceps. Next, the vocal cords were visualized using a 
specially designed wedge mounted on an otoscope and a 14 G catheter was placed 
into the trachea with the aid of a guide wire. With 14 G catheter, animals were 
mechanically ventilated. After end of mechanical ventilation, animals were either 
euthanized or instilled with bacteria (see below), anesthesia antagonized with 300 
µg/kg atipamezole and animals returned to their cages for follow up. 

Animal ventilation and infection models 
A total of 82 adult male Wistar rats of ≈10 weeks of age and average weight of 325 ± 
20 g (Charles Rivers, Saint-Germain-Nuelles, France) were randomly assigned into 
one of the 8 groups: (i) VT 8 mL/kg group received MV for 2 hours and thereafter 
euthanized (n = 12). Ventilation was performed after endotracheal intubation (see SI 
information for detailed formation) utilizing Servo 900 C (Siemens) simultaneously 
on 4 rats using pressure-controlled settings of 10 cm H2O peak inspiratory pressure 
(PIP), 4 cm H2O positive end-expiratory pressure (PEEP), 60 breaths/min, time 
inspiratory/expiratory was 1:2 and 21% inspired oxygen, animals were continuously 
monitored and PIP adjusted to maintain VT 8 mL/kg. Oxygen saturation was 
monitored using pulse oximeter oximeter (MouseSTAT, Kent Scientific, Torrington, 
USA) and body temperature maintained at 37°C by use of a rectal temperature probe 
connected with a heating blanket (RightTEMP Kent Scientific); (ii) VT 8 mL/kg – 24 
hours group euthanized after 24 hours (n = 12); (iii) VT 5 mL/kg group (n = 8) and 
euthanized immediately after ventilation with 7 cm H2O PIP, 4 cm H2O PEEP, and 80 
breaths/min (iv) VT ≈25 ml/kg group (n = 8) euthanized immediately after ventilation 
with zero PEEP, 26 cm H2O PIP, and 40 breaths/min. (v) MV+Pa group receiving 8 
mL/kg MV for 2 hours were intra-tracheally instilled with 2 x107 colony forming 
units (CFU) of P. aeruginosa and euthanized after 24 hours (n = 12); (vi) Pa group 
where animals received identical bacterial instillation without prior ventilation and 
euthanized after 24 hours (n = 12); (vii) anesthesia control group (n = 6) received 
anesthesia and respired spontaneously for 2 hours before being euthanized. However, 
animals in this group showed up to 60% reduced respiratory rate and 29% drop in the 
VT (SI Figure 1) measured on a rat plethysmograph (Emka Technologies) and were 
not further utilized. Comparisons of ventilated groups were made with the (viii) non-
ventilated, non-manipulated control group (n = 12). At euthanasia, blood was 
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collected by cardiac puncture utilizing EDTA coated tubes and stored at -80°C. The 
trachea was exposed and lungs lavaged with 20 mL/kg body-weight of ice-cold sterile 
PBS. Left lung was removed, washed and snap-frozen in liquid nitrogen and stored at 
-80°C for qRT-PCR and protein analyses. Right lung was washed, fixed in 2% 
paraformaldehyde (20 h) and prepared for histologically and immunohistochemically 
analyses (Matute-Bello et al., 2011; Wils et al., 2012). 

Pneumonia establishment 
For creation of infectious models, select colonies from overnight culture of P. 
aeruginosa ATCC 27853 were diluted in sterile PBS until 0.5 McFarland. Bacterial 
suspension is diluted approximately 5 times and 500 µL of bacterial suspension is 
used per animal. After inoculation, all animals were monitored 3 times per day for 
clinical signs of pneumonia using a modified scoring scheme (Harris et al., 
2013)(Supplementary information (SI) Tab. 1). 

Plethysmography 
Tidal volume and breathing frequency in unrestrained rats were measured non-
invasively by whole-body barometric plethysmography (EMKA Technologies, Paris, 
France). Rats were placed in individual calibrated plethysmograph chambers 
equipped with 0.25-30 Hz band pass filters. For pre-anesthesia assessment, the 
animals were left undisturbed in the plethysmograph chambers for approximately 30 
min followed by 20 min recording. After adequate depth of anesthesia was 
determined by absence of toe pinch reflex, animals were again measured for 20 
minutes duration for three times during the total 120 minutes duration of anesthesia 
(0–20, 60–80 and 100–120 minutes). Data were analyzed using Emka-iox v2.9.5.73 
software. 

Histopathology 
Lung pathology scoring was performed on H&E stained 5 µm thick paraffin sections 
as done previously (Matute-Bello et al., 2011; Wils et al., 2012). All lungs used for 
histology were treated with standardized protocols to allow comparison between the 
groups. Lung pathology was assessed blinded by trained pathologist using modified 
scoring scheme for acute lung injury modified from The American Thoracic Society 
(Matute-Bello et al., 2011) by scoring out the hyaline membrane scores as the time of 
study was 24 hours. Amount of neutrophils and eosinophils for each group were 
manually counted on 10–20 consecutive images grabbed using 200x magnification 
per slide. For slides that showed heterogenic staining pattern, most affected areas 
were imaged for quantification.  

Macrophage phagocytosis assay 

Macrophages were isolated using standard protocols. Briefly, BAL was taken using 
Mg2+ and Ca2+ -free PBS containing 0.6 mM EDTA. Cells were spun at 450 x g for 
10 minutes and cells resuspended in warm RMPI medium to final density of 1 x106 
cells/mL. This procedure in our hands yields on average 1 x106 cells of predominantly 
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macrophages (>90%) assed by cytopsin slides with 96% viability assessed by trypan 
blue exclusion. Cytospin slides were prepared from 500 µL BAL solution 
immediately post euthanasia at 1000 rpm for 10 min, slides dried, fixed in 4% PBS 
buffered paraformaldehyde for 20 min and stained for CD68 immunocytochemistry. 
Phagocytosis assay on alveolar macrophages was performed according to 
manufactures specifications (CytoSelect E. coli assay, Cell Biolabs Inc., San Diego-
USA). Briefly, macrophages were harvested from BAL fluid of animals immediately 
after MV (n = 6) along with control group (n = 6) and resuspended in RPMI medium 
at 106 cells/mL density. Measured amounts of E. coli particles were added to cell 
suspensions and incubated for 5 hours at 37°C with 5% CO2 followed by colorimetric 
reaction development measured at 450 nm. 

Immunohisto- and immunocytochemistry 

After deparaffinization and rehydration, antigen retrieval was performed in citrate 
buffer (0.018 M citric acid.H2O and 0.082 M sodium citrate.H2O) using microwave 
heating. Endogen peroxidase blocking was performed for immunohistochemistry 
stained sections by incubating slides for 15 min in 0.3% H2O2. Blocking of non-
specific antigens was performed by a serum block using 1:5 diluted normal horse 
serum in 1 % BSA solution for 30 min. All primary antibodies were diluted in PBS-
1% BSA solution and incubated overnight at 4°C.  

The primary antibodies utilized in the study are: mouse monoclonal anti-CD68 1:200 
dilution (Abd Serotec MCA341R, Kidlington, UK), goat polyclonal anti-arginase-1 
1:300 dilution (Santa Cruz Sc-18354, Heidelberg, Germany), iNOS 1:100 (Abcam, 
ab15323). After washing in PBS, biotin conjugated secondary antibodies (DAG, 
DAM, both 1:200 dilution, Jackson Immunoresearch, Suffolk, UK) were incubated 
for 30 min at room temperature, washed and incubated with extravidin conjugated 
HRP for 30 min. Color development was performed using DAB (5’, 5’ 
diaminobenzedine, Dako, Heverlee, Belgium) solution and the reaction stopped by 
PBS. Images were grabbed with a 5x objective and Olympus UC30 color camera 
(Olympus, Antwerp, Belgium). Quantification was performed by calculating the 
percentage of stained area using pixel-by pixel analysis after spectral de-convolution 
of the image using the IHC profiler plug-in in ImageJ v1.47 (Varghese et al., 2014). 
The mean percentage of positive stained area then calculated for each animal. All 
analyses were performed by blinded investigators. Non-infected inflammatory groups 
were analyzed by manual quantification. 

For double immunohistochemistry staining, mouse monoclonal anti-CD68 1:200 
dilution (Abd Serotec MCA341R), goat polyclonal anti-arginase-1 1:400 dilution 
(Santa Cruz Sc-18354) and iNOS (Abcam, ab 15323) primary antibodies were used. 
After washing in PBS, sections were incubated for 30 min at room temperature with 
secondary antibodies: DAG-cy3, DAM-cy5, DAM-Rhodamine red, DAR-cy5, DAR-
cy3, DAG-FITC (1:200; Jackson Immunoresearch). After washing, sections were 
incubated for 5 min in 5 µg/mL DAPI (Sigma-Aldrich, Diegem, Belgium), washed 
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with PBS and sections coverslipped using anti-fading PBS-glycerol (Citifluor, 
London, UK). High-resolution images were grabbed using a dual spinning disk 
confocal microscope (UltraView VoX, PerkinElmer, Seer green, UK) and images 
analyzed using Volocity (Perkin Elmer). Proportion of Arginase1/CD68 and 
iNOS/CD68 co-positive cells were manually counted. 

Lung transcript analyses 
Total RNA from lung tissue was extracted using RNeasy-mini spin columns (Qiagen, 
Hilden, Germany) after grinding in liquid nitrogen. RNA integrity and concentrations 
were estimated using RNA-nanochips on Bio-analyzer (Agilent, Diegem, Belgium). 
Extracted RNA was converted to cDNA by reverse transcriptase (RT2 First Strand 
Kit, Qiagen). Quantitative PCR was performed using Bio-Rad CFX connect (Bio-
Rad, Temse, Belgium) and SsoAdvanced SYBR green supermix (Bio-Rad) using 2 
step PCR with cycles of 95°C for 10 second followed by 60°C for 30 seconds. Primer 
pairs for ACTB, SDHA, Ywhag, IL-4, IL-13, IFNy, TNFα, IL-1β and IL-6 were used 
(for primer sequences, see SI Tab. 2).	Data were analyzed using comparative CT 
method with ACTB and SDHA as housekeeping genes as described earlier (Kumar-
Singh et al., 2006). Additional gene expression changes in select animals were 
analyzed using custom PCR-arrays (Qiagen) including following genes of interest: IL-
4, CD69, IL-18, IL-5, IFNγ, IL-1α, IL-6, T-bet, IL-10, IL-1β, IL-12a, IL-2, TNFα, IL-
13. Housekeeping genes included were: Ywhag, Actb, Polr2b, Gapdh, Sdha and Tbp. 
Additionally, a random genomic DNA contamination control, 3 reverse transcriptase 
control and 3 PCR controls were included. Prior to PCR-array analyses, cDNA 
quality was validated on qPCR for Actb, Sdha, Ywhag and IL-6. All data was analyzed 
using comparative CT method as described above. 	

IL-4 and chemokine analyses 

Magnetic bead-based multiplex immunoassay on BAL samples from VT 8–24h and 
VAP groups for IL-4 and select chemokines (CCL11, CXCL10, CCL2, CCL7, 
CXCL2, CCL5) was performed on Magpix Luminex platform using a custom 
ProcartaPlex rat panel at the manufactures’ site (eBiosciences, Vienna, Austria.). 
When the analytes were not detected for the control samples, the minimum detectable 
level was used in the calculations to show fold increase. 

Bacterial quantification 

Because in our pilot experiments, lung pathology observed by intra-tracheal 
inoculation was equal in both lungs, we opted to take the entire lung for histology and 
the other lung snap frozen, completely crunched and than subsampled for molecular 
analyses to avoid a sample bias. As such, microbial estimations were performed using 
PCR on DNA extracted from whole lung homogenate. For DNA extractions, crushed 
lung homogenates were lysed using SDS-proteinase K protocol, as described 
previously (Goldenberger et al., 1995). DNA cleanup was performed on crude PCR 
lysates using spin columns (Nucleospin, Macherey Nagel, Eupen, Belgium). 
Quantitative PCR was performed using Bio-Rad CFX connect (Bio-Rad) and 
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SsoAdvanced SYBR green supermix (Bio-Rad) using 3 step PCR with cycles of 95°C 
for 15 second followed by 60°C for 30 seconds and 72°C for 30 seconds. Primer pairs 
are available on request. As control samples, DNA from non-ventilated control 
animals was spiked with DNA of pure P. aeruginosa culture.  

Data analyses and statistics 

Data analyses were performed using Microsoft Excel and SPSS version 21 (IBM, 
USA). Survival analyses were performed using Kaplan Meier estimator with Mantel-
Cox log rank test for testing significant differences between the groups. Lung 
transcript analyses were performed as described earlier (Kumar-Singh et al., 2006). 
Briefly, the combined average of each of the appropriate control groups was used to 
calculate the fold-differences in the study groups. For testing statistical significance, 
the fold-differences for each gene of animal were log transformed. Data was analyzed 
using t-test for independent samples or using Mann-Whitney U test depending on the 
distribution of the samples. Where multiple comparisons were necessary, a one-way 
ANOVA with post-hoc Bonferroni correction was applied. Data is presented as 
average fold-differences with standard error of the mean. Immunohistological and 
immunocytochemistry data are presented as the mean percentage area of each group 
with standard errors of the mean and differences between groups tested using 2-tailed 
independent t-test. Anesthesia control group showed drastic reduction both in VT and 
respiratory rate (SI Figure 1), and non-ventilated control animals were used as 
controls. 
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RESULTS  

Mechanical ventilation leads to acute lung injury associated with acute elevation 
of pro-inflammatory cytokines but in the absence of Th1 cell stimulation 

To study whether mechanical ventilation causes local immunosuppressive changes, 
we mechanically ventilated rats using a protective VT of 8 mL/kg commonly 
employed in non-injured lungs as well as in children with or without lung injury 
(Khemani and Newth, 2010; Plotz et al., 2002; Santschi et al., 2013; Serpa Neto et al., 
2012). Animals were studied immediately at the end of MV (VT 8 group) or after 24 
hours (VT 8–24h group). Two hours of protective ventilation in rats already led to a 
mild degree of lung injury in both VT 8 and VT 8–24h groups with histological 
features of loss of alveolar membrane integrity and presence of inflammatory cellular 
infiltration (Figure 1A), as described previously (Imanaka et al., 2001). Quantitative 
and manual immunohistochemistry using a neutrophilic marker and a marker for 
activated macrophages (CD68) showed a significant 5-fold and 2-fold upregulation, 
respectively (Figure 1A, Figure 4A), suggesting that initial phases of ventilator-
associated lung injury indeed involved neutrophilic and macrophage-mediated injury 
(Imanaka et al., 2001). MV also led to an immediate increase in neutrophilic and 
macrophage-related proinflammatory cytokines such as IFNγ (2.8 fold, P < 0.05), 
TNFα (6.7 fold, P < 0.001), IL-1α (2.3 fold, P < 0.001), IL-1β (1.9 fold, P < 0.001) 
and IL-6 (8.0 fold, P < 0.05; Figure 1B). These data are in general agreement with 
several previous studies (Plotz et al., 2002; Tremblay et al., 1997; Vaneker et al., 
2007; Vreugdenhil et al., 2004; Wolthuis et al., 2009) showing that MV induces a 
proinflammatory cytokine surge.  

We further studied the effect of MV on Th1 cell differentiation as well as on 
persistence of proinflammatory cytokines after MV withdrawal. T-bet is the master 
regulator of Th1 cell differentiation (Szabo et al., 2000), IFNγ and IL-12 are chief 
cytokines involved in Th1 cell differentiation (Zhu et al., 2010). Surprisingly, the 
expression of T-bet was reduced by a factor of 2.7-fold immediately after MV (P < 
0.01) and remained significantly depressed after 24 hours (1.8-fold reduced; P < 0.05; 
Figure 1C). The levels of IL-12 were unaltered (data not shown). After 24 hours, IFNγ 
was also downregulated by 2.1-fold (P < 0.05), along with IL-6 (5.3-fold reduced, P < 
0.01) and TNFα (3.1-fold reduced, P < 0.01; Figure 1B). These data were confirmed 
with another set of gene-specific primers from independently extracted tissue RNA 
(data not shown). Interestingly, CD69, a general marker for activated T cells was 
upregulated by 2.4-fold (P < 0.01) immediately after MV (Figure 1C) indicating the 
involvement of T cell lineages other than Th1 in MV induced lung injury.  
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Figure 1. Mechanical ventilation leads to acute lung injury associated with acute 
elevation of Th1 cytokines in the absence of Th1 cell stimulation. (A) Gross lung 
pathology with marked signs of pulmonary inflammation and neutrophil infiltration stained 
with H&E and anti-neutrophil antibody for the VT 8 and VT 8–24h groups (*P < 0.05, **P < 
0.01; ***P < 0.001). Data is presented as averages ± SEM, n = 6 animals per group and scale 
bars represent 60 µm. (B) Lung transcript analyses for prototype proinflammatory cytokines 
showing significant upregulation in VT 8 group compared to non-ventilated controls (*P < 
0.05; **P < 0.01; ***P < 0.001; n = 12 animals per group). (C) Significant reduction of Th1-
specific transcription-factor T-bet in both VT 8 and VT 8–24h animals while CD69, a pan-T 
cell activation marker, increased in the VT 8 group (*P < 0.05; **P < 0.01; n = 6 animals per 
group). 
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Mechanical ventilation induces a marked upregulated of Th2 cytokines 
Further studying Th2 cytokines alteration as a consequence of MV with VT of 8 
mL/kg, we first addressed to IL-4, a potent inducer of naive CD4+ T cell 
differentiation into CD4+ Th2 effector cells that also blocks proliferation and 
differentiation of Th1 effector cells (Swain et al., 1990). IL-4 levels were upregulated 
by 4.8-fold immediately after MV (P < 0.001) and remained significantly elevated 
after 24 hours (3.7 fold, P < 0.05; Figure 2). We also confirmed this by studying IL-4 
protein levels in the bronchoalveolar lavage (BAL) fluid where IL-4 levels in all non-
ventilated controls were below the detection limit of 0.1 pg/ml, but elevated on an 
average at least 15 fold in VT 8–24h group (average 1.5 pg/ml; SD, 0.92 pg/ml; P < 
0.001). 

We next studied alterations in IL-13 and IL-10 levels, other important members of 
Th2/anti-inflammatory cytokine family. IL-13 is an effector cytokine secreted by Th2 
cells and its transcript levels began to rise after MV to reach 4.7-fold upregulation 
after 24 hours (P < 0.05) (Figure 2). On the other hand, IL-10, a primarily immune 
modulatory cytokine that downregulates the expression of Th1 cytokines and MHC 
class II molecules (Grutz, 2005), was upregulated by 3.7-fold (P < 0.05) immediately 
after MV (Figure 2). In contrast to the restricted expression of T-bet in CD4+ cells, 
expression of Th2 master regulator, GATA3, is not restricted to T-cells being also 
expressed in endothelial, epithelial, and lung mesothelial cells (Song et al., 2009). We 
therefore analyzed other cytokines important for Th2 cell differentiation. For instance, 
upregulation of IL-18 in the absence of IL-12 upregulation has been shown to induce 
the development of naive Th0 cells into Th2 cells (Nakanishi et al., 2001; Xu et al., 
2000). While IL-12 remained unaltered as a consequence of MV (see above), IL-18 
levels showed 2.7-fold upregulation immediately after MV (P < 0.01) and also 
remained upregulated after 24 hours (P < 0.01; Figure 2). Moreover, several studies 
have also shown that high levels of IL-6 in the absence of IL-12 stimulate Th2 cell 
stimulation while blocking Th1 cell differentiation (Dienz and Rincon, 2009; Rincon 
et al., 1997). These data all suggest that in contrast to proinflammatory Th1 cytokines, 
MV induces a more robust and sustained activation of key Th2 cytokines in ventilated 
lungs that not only have immunosuppressive roles, but are also important in Th2 cell 
differentiation. 
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Figure 2. Mechanical ventilation induces a Th2-related anti-inflammatory cytokine 
expression in the lung. Lung transcript analyses for Th2 related cytokines showed significant 
upregulation of IL-4, IL-10, IL-13 and IL-18 in VT 8 and/or VT 8–24h animals (*P < 0.05; 
**P < 0.01; ***P < 0.001; n = 12 animals per group).   

Use of injurious ventilation over protective ventilation does not alter IL-4 
expression 
The implementation of low VT therapy in patients of ARDS has been shown to 
substantially improve patient survival (The ARDS Network, 2000) and also causes a 
less drastic rise in proinflammatory cytokines (Serpa Neto et al., 2012). While 
ventilation with 8 mL/kg VT is commonly employed in non-injured lungs as well as in 
children with or without lung injury (Khemani and Newth, 2010; Santschi et al., 
2013), VT of < 6 mL/kg has become the standard of care for patients with acute lung 
injury and ARDS of various etiologies (The ARDS Network, 2000). We questioned 
whether a significant Th2 cytokine secretion also occurs with VT of < 6 mL/kg. We 
therefore performed a separate set of experiments where animals were ventilated with 
VT of 5 mL/kg and compared with a high VT of 25 mL/kg protocol, the latter 
commonly employed to establish ARDS like features (Menendez et al., 2013). 
Compared to non-ventilated control group, alteration in lung transcript levels of IFNγ, 
TNFα, IL-1β, and IL-6 were studied as key proinflammatory cytokine markers and 
IL-4 and IL-13 as key Th2 cytokine markers. 

Animals ventilated with low tidal volumes of 5 mL/kg showed an increase in levels of 
IL-4 (6.8 fold, P < 0.01) and IL-13 (5.3 fold) over the non-ventilated group (Figure 
3), but were not significantly different from the VT 8 ventilation group (Figure 2). 
Similarly, ventilation with VT 5 mL/kg significantly increased TNFα (5.6 fold, P < 
0.001), IL-1β (2.6 fold, P < 0.01) and IL-6 (8.3 fold) compared to the non-ventilated 
group, but was also not significantly different from the VT 8 ventilation group. 

Animals ventilated with high VT of 25 mL/kg, as expected, showed a worsened lung 
pathology marked by increased fibrin and red blood cells in the alveoli and high 
levels of activated alveolar macrophages. On lung transcript analyses, while IFNγ and 



Chapter 2 

 62 

IL-1β with high VT 25 mL/kg were modestly but significantly elevated over low VT 5 
ml/kg protocol, the levels of TNFα, IL-6, and IL-13 in VT 25 group were drastically 
elevated over VT 5 and the non-ventilated control groups (≈24 fold, ≈800 fold, and 
≈37 fold respectively; P for all at least < 0.001) (Figure 3). In contrast, both VT 5 and 
VT 25 groups showed a ≈6 fold elevation in IL-4, which was non-significant different 
from each other and with the VT 8 group (Figure 2 and 3). These data suggest that 
lowering VT notably diminishes the acute surge of the proinflammatory cytokines as 
well of IL-13 levels, but IL-4 remains unabated at high levels. 

 

Figure 3. Cytokine expression under different ventilation strategies. (A) Lung transcript 
analyses of proinflammatory cytokines showed significant upregulation in both low VT 5 and 
high VT 25 mL/kg after 2 hours of MV (**P < 0.01; ***P < 0.001; n = 8 animals per group). 
(B) Expression of Th2 cytokines in low and high VT groups (*P < 0.05, **P < 0.01; ***P < 
0.001). 

Increased Th2 cytokines is associated with increased eosinophils and Arg1+ 
macrophages  
Eosinophils have long been associated with the effector arm of Th2 immune 
responses and recent data has shown that activated eosinophils are present most early 
in response to Th2-inducing agents where they function in the initiation of Th2 
immunity (Spencer and Weller, 2010). MV led to 4-fold elevated eosinophils in lungs 
of animals ventilated with VT 8 mL/kg that increased to 7-fold elevation after 24 
hours, compared to non-ventilated controls (P < 0.001, for both; Figure 4A). We 
studied key CC and CXC chemokines in relation to MV using a magnetic bead assay, 
and showed that eotaxin-1/CCL11, a key eosinophil chemotactic protein, was 
elevated 42-fold in animals in VT 8–24h group of animals (P < 0.05) along with other 
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eosinophil and macrophage chemokines such as CCL2, CCL5, CCL7 and CXCL10 
(SI Figure 2). 

Another innate cell type associated with Th2 immunosuppressive responses are 
arginase 1-positive (Arg1+) M2 macrophages. Arg1 is not only a prototypic marker 
for M2 macrophages, but is also strongly induced by IL-4 and IL-13 (Knippenberg et 
al., 2015; Roszer, 2015). Arg1+ M2 macrophages began to increase (2.3-fold) after 2 
hours of VT 8 mL/kg ventilation that became highly significant after 24 hours (5.3-
fold, P < 0.001; Figure 4A). The increased infiltration of Arg1+ macrophages as a 
consequence of MV was also confirmed by quantitative Arg1/CD68 double 
immunocytochemistry showing that despite the presence of proinflammatory 
cytokines, 57% of activated macrophages in VT 8–24h group of animals were Arg1+ 
M2 macrophages (Figure 4B) compared to ≈14% in the non-ventilated controls (P < 
0.001). Additionally, proportion of M1 activated (iNOS/CD68) was reduced 
immediately after MV in VT 8 group (P < 0.05 compared to non-ventilated controls, 
SI Fig. 3A). These data suggest that the MV induced Th2 cytokines lead to a strong 
Th2 innate cellular response. 
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Figure 4. Th2 effector cells induced after mechanical ventilation. (A) Significantly 
increased infiltration of eosinophils and CD68-positive and Arginase1-positive cells in lungs 
of both VT 8 and VT 8–24h group of animals (**P < 0.01; ***P < 0.001; n = 6 animals per 
group). Scale bar represents 20 µm and for the inset, showing magnified eosinophil, 5 µm. 
Note the clustering of eosinophils in MV-24 animal within the bronchiolar wall. (B) Double-
labeled immunohistochemistry for CD68 and Arg1 shows significantly higher double positive 
macrophages in the lung in the VT 8 and VT 8–24h groups compared to non-ventilated 
controls (*P < 0.05; ***P < 0.001; n = 6 animals per group). Scale bar represents 8 µm. 
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MV-induced Arg1+ M2 macrophages show reduced phagocytic capabilities and 
persist after bacterial challenge in a VAP model  

To study the impact of MV on pneumonia development, animals ventilated with VT 8 
mL/kg were further intratracheally challenged with measured dose of P. aeruginosa 
in a model of VAP (MV+Pa group) and were compared with animals that received the 
same bacterial challenge in absence of MV (Pa group). MV prior to bacterial 
challenge lead to increased disease severity and mortality compared to the Pa group 
(P < 0.05, Mantel-Cox log rank test; Figure 5A, D), as has been reported previously 
(Brackenbury et al., 2004; Lin et al., 2003; Wu et al., 2011). To study whether MV-
activated M2 macrophages drive pneumonia pathology, we studied and showed that 
MV+Pa group of animals had a significant 61% increase of Arg1+ M2 macrophages 
24 hours after infection compared to animals that received the same P. aeruginosa 
inoculum without MV (P < 0.05; SI Figure 4). Double-labeled immunocytochemistry 
revealed that the MV+Pa group carried 56% Arg1/CD68 double-positive cell 
population and was very similar to the Arg1+ M2 macrophage proportion observed 
for the VT 8–24h group (57%; cf. Figure 4B), in contrast to 36.5% observed for the Pa 
group (P < 0.01; Figure 5C). MV+Pa group also showed lower amounts of 
iNOS/CD68+ cells in lung compared to Pa group (P < 0.01, SI Fig. 3A) indicating 
lower amounts of activated M1 macrophages in lung. In addition, double positive 
macrophages for iNOS and Arg1 were observed (SI Fig. 3B). Similarly, eosinophilic 
infiltration was 2.3 times increased in the MV+Pa group compared to the Pa group (P 
< 0.05) but remarkably similar to the VT 8–24h group (Figure 4A and 5B). These 
data suggest that the proportion of M2 macrophages activated by MV do not alter 
despite the presence of Gram-negative bacteria, the strongest known proinflammatory 
cytokine activator. 

Interestingly, several studies have shown that MV prior to bacterial challenge also 
leads to increased bacterial load postmortem (Brackenbury et al., 2004; Lin et al., 
2003; Wu et al., 2011), which we also confirmed (Figure 5D). To study whether this 
increased bacterial burden in VAP model is associated with decreased macrophage 
functioning, we examined ex vivo phagocytic capabilities of macrophages extracted 
from BAL immediately after MV for both low (VT 5 mL/kg) and high (VT 25 mL/kg) 
ventilation groups and compared them with a non-ventilation group. Both VT 5 and 
VT 25 groups showed a significant reduction in phagocytosis of E. coli particles (28% 
and 18% reduced, respectively, P < 0.05 for both, Figure 5E) indicating that MV has 
a direct effect on bacterial phagocytosis by macrophages and responsible for the 
reduced bacterial clearance observed in the VAP model. 
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Figure 5. Reduced phagocytic capacity after MV leads to increased bacterial survival in 
a VAP model. (A) VAP animals (MV+Pa) showed a significantly higher clinical score 
compared to a pneumonia model without prior MV (Pa) (*P < 0.05, 2-tailed t-test). Kaplan-
Meier analyses showed a significantly higher mortality in the MV+Pa group (P < 0.05, 
Mantel-Cox log rank test). (B) Lung pathology showing significantly elevated eosinophil, but 
not neutrophil counts in VAP animals (MV+Pa) compared to a pneumonia model (*P < 0.05; 
n = 6 animals per group). Scale bar represents 60 µm. (C) Double-labeled 
immunocytochemistry showing that the proportion of CD68+/Arg1+ cells was ≈2-fold higher 
in VAP animals (MV+Pa) compared to a pneumonia model (**P < 0.01). Scale bar represents 
60 µm. (D) Bacterial load in lungs estimated using qPCR showing a higher bacterial load in 
the MV+Pa group compared to the Pa group (n = 6 animals per group). (E) Reduced 
phagocytic capacity of macrophages extracted from BAL of animals ventilated using low (VT 
5 group) or high (VT 25 group) tidal volumes of MV compared to non-ventilated controls (*P 
< 0.05). Image shows CD68 staining on cytopsin from BAL fluid; scale bar represents 50 µm. 
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DISCUSSION 

Different independent patient studies showed that conventional MV of 10 mL/kg 
leads to increased proinflammatory mediators in plasma and BAL fluid (Plotz et al., 
2002; Serpa Neto et al., 2012; Vreugdenhil et al., 2004; Wolthuis et al., 2009) 
compared to lung protective MV protocols with lower tidal volumes of 6–8 mL/kg 
(Serpa Neto et al., 2012; Sutherasan et al., 2014; The ARDS Network, 2000). 
Although VT of 6–10 mL/kg is frequently used for children (Plotz et al., 2002; 
Santschi et al., 2013), patients with preexisting lung injury such as ARDS frequently 
require VT of lower than 6 mL/kg (Terragni et al., 2009). However, despite the use of 
lower VT protocols, the incidence of VAP and non-VAP nosocomial infections in 
ventilated patients remains high, occurring in approximately half of ventilated patients 
(Povoa et al., 2016). 

So far, proinflammatory cytokines as a consequence of MV have been predominantly 
studied and observed to be elevated in both MV patients and animal models (Plotz et 
al., 2002; Vreugdenhil et al., 2004; Wolthuis et al., 2009), however, there are hints 
from the literature that MV could also lead to a concurrent systemic 
immunosuppression. In one study, 2 hours of MV in children with VT 10 mL/kg and 
PEEP of 4 cm H2O was shown to lead to unchanged or depressed production of IFNγ, 
TNFα and IL-6 from stimulated blood cells (Plotz et al., 2002). While this needs to be 
studied on lung/BAL, which are most proximate to effect of MV and to VAP 
development, however, such studies are difficult in absence of appropriate controls as 
lung biopsies are scarce and BAL samples are only taken upon suspicion of VAP. 

Here, we show that a similar ventilation in rat, namely, 2 hours MV with VT 8 mL/kg 
and 4 cm H2O PEEP, led to several fold increased transcript levels of key 
immunosuppressive Th2 cytokines in lung. Interestingly, increasing VT from 5 to 25 
mL/kg drastically increased proinflammaory cytokines as described earlier (Serpa 
Neto et al., 2012) and also of IL-13, but IL-4 levels seemingly plateaued at ≈5 to 6-
fold elevation. A ≈6-fold upregulation in IL-4 lung transcript levels was also observed 
in early lung helminthic infection, another key driver of Th2 cytokines (Reece et al., 
2006), suggesting that these are peak IL-4 lung transcript upregulation in response to 
Th2 innate immunity. Consequently, ≈6-fold increase in the transcript levels reflected 
in 1.4 pg/ml incremental increase of IL-4 protein level in BAL fluid of animals post-
ventilation. 

We focused this study on early changes of MV that do not allow analysis of 
differentiated Th cells that typically takes several days, however, we did show a 
preferred milieu in lungs for Th2 cellular differentiation while the levels of Th1-type 
immunity specific transcription factor T-bet (Szabo et al., 2000) were depressed. 
Moreover, despite the co-upregulation of several key proinflammatory cytokines such 
as TNFα, IL-6, IL-1α and IL-1β, the preferred innate cellular response was towards a 
Th2-type with high loads of eosinophils and M2 macrophages in lung. Important for 
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the pathogenesis of VAP, we also showed that Arg+ M2 polarized macrophages 
persisted in lungs of a VAP model and had reduced capabilities towards 
phagocytosing bacteria ex vivo. The reduced phagocytic capability of MV-induced 
Arg+ M2 macrophages also correlated with increased bacterial burden in lungs and 
with increased pathology and mortality observed in the VAP model. 

The mechanism of MV induced immunosuppression is unidentified. In stroke-induced 
immunosuppression, peripheral immunosuppression occurs via hypothalamic-
pituitary axis and sympathetic nervous system stimulation (Prass et al., 2003). 
Interestingly, while recruitments and de-recruitments of peripheral alveoli with 
associated vascular phenomenon could be involved in MV-induced 
immunosuppression, blocking of neuroendocrine pulmonary stretch receptors has 
been shown to reduce lung injury and proinflammatory cytokine release (Bregeon et 
al., 2010). 

Regardless of the precise mechanism, our data of clear involvement of Th2/M2 
pathway in MV-associated inflammation with reduced bacterial phagocytosis  
requires further preclinical studies in mice to investigate the beneficial effect of 
blocking Th2 cytokines or any identified upstream mechanism in preventing VAP. 
Interestingly, Th2 dominated chronic lung diseases such as asthma are also 
characterized by an increased risk for bacterial lung infections and this and several 
other mouse models have already shown the beneficial effect of blocking the 
immunosuppressive action of IL-4/IL-13. In a mouse model of allergic airway 
inflammation, an increment of 1 pg/ml of IL-4 in mice lung homogenate has been 
shown to increase the risk of developing pneumonia by ≈50-fold (Kang et al., 2009). 
Interestingly, we show here a 1.4 pg/ml incremental increase of IL-4 protein level in 
BAL fluid of ventilated rats with VT 8 mL/kg suggesting a significant risk towards 
developing pneumonia in these animals. IL-4 link with infection in other studies is 
also observed where recombinant IL-4 administration in wild type mice drastically 
increased mortality and bacterial burden 24 hours post-infection, while IL-4 knock 
out mice were more resistant to pneumonia caused by P. aeruginosa (Song et al., 
2015). Similarly, IL-13-Arg1+ immunosuppressive pathway in macrophages has been 
shown to actively reduce lung protective immunity against infections such as S. 
pneumoniae (Knippenberg et al., 2015). 

To conclude, we show here a distinct involvement of T cell subsets other than Th1 
lineage in the pathology of mechanical ventilation-induced lung injury and activation 
of anti-inflammatory M2 macrophages in a VAP rat model. While these findings need 
to be further studied in humans, we propose that this immune imbalance in lungs 
could render subjects receiving mechanical ventilation more vulnerable to developing 
infections and contribute to the high morbidity and mortality observed in VAP 
patients.  



  MV causes immunosuppression 

 69  

ACKNOWLEDGMENTS 
This study was funded by the Flemish Fund for Scientific Research (FWO), Flemish 
Institute for Science and technology (IWT-SBO), and University of Antwerp-GOA. 
KB and BSJ are PhD fellows of IWT. SK-S designed and supervised the study. KB, 
JB, BSJ, CL, and SK-S carried out the experiments and analyzed data. KB, PGJ, SM-
K, HG and SK-S interpreted data. KB and SK-S wrote the manuscript as finalization 
of this study. 



Chapter 2 

 70 

SUPPLEMENTARY FIGURES 
 

 

SI Fig. 1. Anesthesia control animals. Animals after administration of anesthesia and 
spontaneous breathing showed drastically depressed tidal volume and breathing frequency on 
a rat plethysmograph (*P < 0.05  ***P < 0.001). 

 

 

 

 
SI Fig. 2. Chemokine analyses on BAL fluid in VT 8–24h and VAP groups. BAL 
chemokine analyses on VT 8–24h and VAP groups showed significant increased macrophage 
chemotactic molecules compared with non-ventilated controls (*P < 0.05  ***P < 0.001). 
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SI Figure 3. Proportion of M1 activated lung macrophages in MV and pneumonia 
models. (A) Double-labelled immunohistochemistry for CD68 and iNOS shows significantly 
lower amounts double positive macrophages in the lung in the VT 8 group compared to non-
ventilated animals and MV+PA group compared to PA group (*P < 0.05; n = 4-6 animals per 
group). Scale bar represents 30 µm. (B) High resolution image of triple-labelled 
immunohistochemistry for CD68, iNOS and Arg1 indicates that activated macrophages can 
be stained by both iNOS (M1 marker) and Arg1 (M2 marker). Scale bar represents 15 µm. 
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SI Fig. 4. Macrophage immunostaining for MV+Pa and Pa group. Representative image 
of immunohistochemistry for CD68 and Arginase-1 stained sections of MV+Pa and Pa 
groups. Data was analyzed in a blinded automated way using Image J and is presented as the 
average percentage area stained of each animal within each group with standard error of the 
mean. Differences between both groups were calculated using t-test. Quantitative image 
analyses showed comparable amounts of activated CD68+ macrophages between MV+Pa and 
Pa groups, both significantly higher compared with non-ventilated controls. Quantitative 
image analyses of Arg1+ M2 macrophages in MV+Pa group showed higher amounts 
compared with Pa group (*P < 0.05). Scale bars represent 400 µm. 

 

SI Table 1: Clinical scoring scheme 

 
    

Stage disease development Description of clinical symptoms Weight 

Stage 1: early signs of 
pneumonia 

Avoidance 1 
Loss of appetite 1 
Fever 1 
Piloerection 1 
Rapid breathing 1 
Ruffled fur 1 

Stage 2: signs of severe 
inflammation and infection 

Labored breathing 2 
Hunched posture  2 
Wheezing, small cough 2 
Lethargy 2 
Periorbital congestion 2 

Stage 3: signs of 
compromised lung function 

Very shallow breathing 3 
Prostrate, not reactive 3 
Gasping  3 
Cyanosis at the tip of tail and feet 3 

      

 

 

 



  MV causes immunosuppression 

 73  

SI Table 2: Primer sequences 

Target Host Fw seq Rv seq 
Actb Rat GTCGTACCACTGGCATTGTG CTCTCAGCTGTGGTGGTGAA 
Sdha Rat CTCTTTTGGACCTTGTCGTCTTT TCTCCAGCATTTGCCTTAATCGG 
Ywhag Rat TTCCTAAAGCCCTTCAAGGCA GGCTTTCTGCACTAGTTGCTCG 
IL-4 Rat CGTCACTGACTGTAGAGAGC GGGCTGTCGTTACATCCG 
IL-13 Rat ATCACACAAGACCAGAAGACTTC AACTGGGCTACTTCGATTTTGG 
IFNy Rat ATTCATGAGCATCGCCAAGTTC TGACAGCTGGTGAATCACTCTGAT 
TNFα Rat CTTCTCATTCCTGCTCGTGG TGATCTGAGTGTGAGGGTCTG 
IL-1β Rat TGCAGGCTTCGAGATGAAC GGGATTTTGTCGTTGCTTGTC 
IL-6 Rat AAGCCAGAGTCATTCAGAGC GTCCTTAGCCACTCCTTCTG 
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ABSTRACT 
Here, we examined the role of IL-17A, IL-17F and IL-22 following mechanical 
ventilation (MV) in a rat model. A protective low tidal volume ventilation of 5 mL/kg 
in rat increased lung cytokine expression of IL-17A, IL-17F and IL-22 compared to 
non-ventilated control group. Additionally, a high volume ventilation strategy of 25 
mL/kg drastically elevated IL-22 expression in lung. These data indicate that IL-17 
and IL-22 are acutely upregulated following MV and could potentially play important 
roles in post-MV immune complications. 

Keywords: Mechanical ventilation; IL-17; IL-22; ventilator-induced lung injury 
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BACKGROUND 
Mechanical ventilation (MV) has been shown to cause a sterile inflammatory 
response in the lung leading to tissue damage in a condition termed ventilator-induced 
lung injury (Gajic et al., 2004) marked by release of proinflammatory mediators 
including TNFα, IL-6, IL-1α and IL-1β (Tremblay et al., 1997; Vaneker et al., 2007) 
and PMN recruitment to the lung (Kim et al., 2014). Recently, IL-17 and IL-22 have 
been shown to play key role in innate mucosal pulmonary immunity (Aujla et al., 
2008; Cua and Tato, 2010). Moreover, IL-17 has been shown to induce neutrophil 
chemotaxis to the lungs (Laan et al., 1999). Interestingly, one study showed that VAP 
patients had lowered IL-17A proteins in BAL fluid compared to ventilation-matched 
control patients, while IL-17F was increased (Orlov M., 2016). Additionally, IL-22 
administration prior to MV with high VT of 45 cm H2O was able to reduce pulmonary 
disintegration and edema (Hoegl et al., 2011) in a rat model. These studies indicate 
that MV has a direct effect on IL-17 and IL-22 expression at pulmonary mucosal 
surfaces. We therefore sought to investigate the expression pattern of IL-17A, IL-17F 
and IL-22 using a clinically relevant low VT MV protocol and a high VT ventilation 
strategy in a rat model. 

METHODS 

Animal experimental groups 

All animal experiments were conducted according to the guidelines of the Federation 
of European Laboratory Animal Science Associations and approved by the University 
of Antwerp Ethics Committee. Lung tissue samples from the low VT ventilation group 
receiving 5 mL/kg (n = 8) and high VT ventilation group receiving 25 mL/kg (n = 8) 
discussed in Chapter 2 were utilized. Briefly, animals were anesthetized by 100 
mg/kg ketamine and 1 mg/kg medetomidine, and ventilated by Siemens Servo 900 C 
ventilator with time inspiratory/expiratory 1:2; and fraction of inspired oxygen of 
0.21. Non-ventilated animals were used as controls group (n = 12). All animals were 
euthanized with isoflurane overdose and right lung was removed, washed in sterile 
PBS and snap frozen in liquid nitrogen.  

Lung transcript analyses 
Lung transcript analyses were performed on total RNA extracted using RNeasy-mini 
spin columns and converted to cDNA. Quantitative PCR was performed with SYBR-
green using 2 step PCR with cycles of 95°C for 10 second followed by 60°C for 30 
seconds. Primer pairs for ACTB, SDHA, IL-17A, IL-17F, IL-22 are shown in Table 1. 
Data was analyzed using comparative CT method with ACTB and SDHA as 
housekeeping genes as described earlier (Schmittgen and Livak, 2008). Data was 
analyzed using 2-tailed t-test for independent samples and presented as average fold-
differences with standard error of the mean. 
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Table 1. Primer sequences.  

Target Host Fw seq Rv seq 
Actb Rat GTCGTACCACTGGCATTGTG CTCTCAGCTGTGGTGGTGAA 
Sdha Rat CTCTTTTGGACCTTGTCGTCTTT TCTCCAGCATTTGCCTTAATCGG 
IL-17A Rat CTTCACCCTGGACTCT-GAGC TGGCGGACAATAGAGGAAAC 
IL-17F Rat CCCGGAGACCTCTCAGAAGA GCCCTACTTTGGGGTTCCTC 
IL-22 Rat TCCAGCAGCCATACATCGTC GGCTTTGACTCCTCGGAACA 

RESULTS  

Lung transcript levels of IL-17A, IL-17F and IL-22 were increased after 2 hours of 
mechanical ventilation in rats. IL-17A was increased by 94 fold in VT 5 mL/kg group 
(P <0.05) and further increased to 216 fold (P <0.05) in the VT 25 mL/kg group, 
although not significantly different from 5 mL/kg group due to high variance between 
the animals. IL-17F was also increased in VT 5 mL/kg group by 71 fold (P <0.01) 
with 25 mL/kg group showing similarly elevated lung transcript levels (89 fold, P 
<0.05). In contrast, IL-22 lung transcript levels were highly elevated in VT 5 mL/kg 
group (101 fold, P <0.001) and increased by 23 fold (P <0. 05) in VT 25 mL/kg group 
(> 2000 fold increased compared to non-ventilated control group, P <0.001). 

 

Figure 1. Lung transcript analyses. Significant upregulation of IL-17A, IL-17F, and IL-22 
in lungs of animals ventilated with different VT strategies (*P < 0.05; **P < 0.01; ***P < 
0.001; n = 8 animals per group).  

DISCUSSION 

In Chapter 2, we showed that there was no sustained Th1 response following MV in 
rat models, however, a sustained Th2 response was observed. In these models we also 
showed neutrophils infiltration in the lung post-MV, as has been observed previously 
(Imanaka et al., 2001; Kim et al., 2014). IL-17 is a known neutrophil chemotaxis 
inducing cytokine (Laan et al., 1999), however, expression of IL-17 and associated 
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cytokines during MV has not been studied. Here, we showed that expression IL-17A, 
IL-17F and IL-22 in lung increased under both a clinically relevant low VT protective 
ventilation strategy as well as a high VT ventilation protocol. Both IL17A and IL17F 
have overlapping yet distinct functions. IL-17A is mainly secreted by T cells and 
induces cytokine secretion by macrophages and epithelial cells. IL-17F on the other 
hand can be secreted by innate sources and mainly stimulates epithelial cell cytokine 
secretion (Fujie et al., 2012; Ishigame et al., 2009). Moreover, IL-17 has been shown 
to mediate resolution of allergic airway inflammation (Murdoch and Lloyd, 2010).  

Recently, IL-22 was shown to have the tissue protective properties and was able to 
reduce pulmonary disintegration and edema caused by 45 mL/kg ventilation in rats 
(Hoegl et al., 2011). These data fit well with our observation of significantly 
increased IL-22 expression in lung under high VT ventilation compared to a low VT 
strategy. 

We showed that expression IL-17A, IL-17F and IL-22 in lung increased under both 
low VT protective as well as high VT ventilation protocols. These data along with 
previous studies indicate an important role in innate immune responses for IL-17 and 
IL-22 at pulmonary mucosal surfaces. 
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ABSTRACT 
Chronic lung inflammation and infection with biofilm-producing Pseudomonas 
aeruginosa is a major cause of morbidity and mortality in cystic fibrosis (CF) patients 
and other chronic obstructive lung diseases. Several studies have shown a heightened 
Th2/Th17 response and increased presence of M2 macrophages in CF patients, 
however, the contributing role of biofilm remains unknown. Agarose bead-embedded 
P. aeruginosa (Pa-bead model) has been frequently utilized to study CF pathology in 
animal models due to similarities between agarose and biofilm. Here we showed that 
sterile agarose bead-instillation in rat induced elevated lung transcript levels of Th17 
cytokines, but not of prototype Th1 (IFNγ and IL-12) cytokines. By contrast, a 
sustained elevation of anti-inflammatory Th2 (IL-5, IL-10, and IL-13) cytokines was 
observed along with increased lung infiltration of eosinophils and Arg1+ M2 
macrophages. When co-challenged with P. aeruginosa, Th2 (IL-10) and Th17 
cytokines, but not Th1 cytokines, were significantly elevated at day 1 in the Pa-bead 
model compared to other P. aeruginosa pneumonia models. At day 3 post-infection, 
all cytokines normalized except for the Th2 cytokine IL-13, which showed significant 
elevation over controls. Concurrently, infiltration of Arg1+ M2 macrophages and 
eosinophils, observed in the sterile bead model, persisted in the Pa-bead model up to 
21 days post-infection. These data suggest that the increased Th2/Th17 cytokines and 
M2 macrophages observed in CF patients are largely due to the lung-associated 
biofilm and might have consequences on acute exacerbations of infection observed in 
CF patients. 

Keywords: P. aeruginosa pneumonia, chronic pneumonia, acute pneumonia, VAP, 
animal model, agar beads, M2 macrophage, eosinophil, Th2, Th17
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INTRODUCTION 

P. aeruginosa is involved in major acute and chronic respiratory infections. It is one 
of the major causes of nosocomial, so-called ventilator-associated, pneumonia with 
incidence rates reaching 30% in the intensive care unit (ICU) and marked by high 
mortality rates (Vincent, 2003). P. aeruginosa is also the major cause of pulmonary 
infection in cystic fibrosis (CF) patients (Gibson et al., 2003). CF pathology is 
characterized by increased mucous secretion in the alveolar spaces that provide an 
ideal environment for bacterial colonization (Moreau-Marquis et al., 2008), a 
condition that is shared with other chronic pulmonary inflammatory conditions such 
as chronic obstructive pulmonary disease (COPD) and asthma (Dabbagh et al., 1999). 
Studies have shown that about 80% of CF patients become chronically 
colonized/infected with P. aeruginosa by late adolescence and can live with such 
infection for years (Lyczak et al., 2002). Chronic P. aeruginosa colonization is also 
associated with increased morbidity and mortality in CF patients especially during 
episodes of acute exacerbations (Bhatt, 2013).  

The general inflammatory response towards acute P. aeruginosa pneumonia is 
governed by expression of proinflammatory cytokines including TNFα, IFNγ, IL-1α, 
IL-1β and IL-12 as well as chemotactic molecules such as IL-8 secreted by innate 
immune cells, epithelial cells and alveolar macrophages that result in neutrophil 
recruitment to the site of infection (Jorens et al., 1994; Lavoie et al., 2011; Lovewell 
et al., 2014). Recent evidence, however, also suggests an important function for IL-17 
and associated cytokines IL-21, IL-22 and IL-23 playing key roles in mucosal 
immunity against extracellular pathogens, particularly Gram-negative organisms 
(Aujla et al., 2008; Kolls et al., 2008; Xu et al., 2014). While IL-21, IL-23 and IL-6 
are the main drivers of Th-17 cell differentiation and IL-17 secretion, IL-17 A and F 
and IL-22 are the main effector cytokines of the Th-17 pathway (Iwakura and 
Ishigame, 2006; Tsai et al., 2013). Although mostly associated with cells of the 
adaptive arm of the immune system, innate immune cells seem to be the dominant 
effector cells expressing IL-17, IL-21, IL-22 and IL-23 in the early stages of P. 
aeruginosa infection. Both NKT cells and γδ-T cells have been identified as major 
sources of IL-17 production at mucosal surfaces providing protection against P. 
aeruginosa (Coquet et al., 2008; Nieuwenhuis et al., 2002; Sutton et al., 2012) and 
NK cells have been shown to secrete IL-22 following Gram-negative pneumonia 
(Aujla et al., 2008).  

On the other hand, chronic P. aeruginosa pneumonia occurring in CF patients has 
been shown to have persistent lung inflammation dominated by neutrophils and a 
pronounced antibody response against P. aeruginosa with concurrent systemic Th2 
type inflammation (Moser et al., 1997). In addition, recent evidence suggests that 
chronic obstructive pulmonary disease (COPD) patients can develop chronic 
pneumonia as well, showing characteristics similar to those in CF patients (Martinez-
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Solano et al., 2008). In both conditions, increased mortality and worsening of the 
disease is associated with episodes of acute exacerbations. 

The hallmark of chronic pneumonia caused by P. aeruginosa is biofilm formation 
within the mucous secretions of the airways (Sadikot et al., 2005). Biofilm mainly 
consists of secreted exopolysaccharides that protect the encapsulated bacteria from 
host immune cells and antibiotics. To mimic this distinct pathology in CF patients and 
other chronic obstructive lung diseases such as bronchiectasis, agarose beads have 
been employed to establish a chronic lung infection where bacteria are slowly 
released from agarose beads and agarose closely mimics the main components of P. 
aeruginosa biofilm extracellular polymeric substances (Cash et al., 1979; Growcott et 
al., 2011). While CF patients frequently show a heightened Th2/Th17 response that 
precedes acute exacerbations caused by P. aeruginosa (Hartl et al., 2006; Moser et al., 
2000; Tiringer et al., 2013), it is not known whether it is linked to P. aeruginosa 
pathogen or its biofilm. 

The aim of this study was to investigate the immune response towards biofilm in the 
chronic pneumonia agar bead model, especially whether sterile beads can incite the 
Th2-M2 pathology observed in CF patients. In addition, we sought to compare the 
acute P. aeruginosa immune response in lung by comparing the chronic pneumonia 
agarose bead model with non-bead acute pneumonia and ventilator-associated 
pneumonia (VAP) models of P. aeruginosa. 
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METHODS 

Bacterial dose preparation 

Bacterial colonies from overnight culture of P. aeruginosa ATCC 27853 were 
suspended in sterile saline, washed, diluted to 4 x107 CFU/mL and 500 µL of final 
bacterial suspension was used per animal. Sterile saline was used for control animals. 
Agar beads were prepared following a previously published protocol with minor 
modifications (Growcott et al., 2011). Briefly, select colonies from overnight culture 
of P. aeruginosa were diluted with 30 mL sterile PBS until 0.3 O.D at 600 nm. 
Culture was washed and the pellet re-suspended in 4 mL sterile PBS. One mL of 
bacterial suspension was added to 10 mL sterile 2% agar at 52°C and mixture added 
to 15 mL heavy mineral oil (52°C) supplemented with 0.02% sorbitan-monooleate 
(Sigma-Aldrich) followed by mixing. Beads were centrifuged at 10,000 x g at 4°C, 
extensively washed with sterile PBS and filtered using a 200 µm nylon mesh. Sterile 
beads were prepared using sterile saline. Each bead solution was plated on blood-agar 
plates and incubated overnight at 37°C for inoculum validation.  

Anesthesia and endotracheal intubation 
All animal experiments were conducted according to the guidelines of the Federation 
of European Laboratory Animal Science Associations and approved by the University 
of Antwerp Ethics Committee. Rats were anesthetized using 100 mg/kg ketamine and 
1 mg/kg medetomidine and intubated utilizing tilting intubation platform. Briefly, 
anesthetized rats were placed on the tilting platform in a horizontal position. Next a 
14 G catheter was placed into the trachea with the aid of a guide wire. With 14 G 
catheter animals were mechanically ventilated and/or instilled with saline or measured 
doses of free bacteria or agarose beads, extubated, anesthesia antagonized with 300 
µg/kg atipamezole, and animals returned to their cages and followed up. 

Animal experimental groups 

A total of 54 adult male Wistar rats (mean weight 340 g, SD = 23 g, Charles Rivers) 
were used in this study and randomly assigned into one of the 5 groups: (i) Acute 
pneumonia model or Pa group where animals received 2 x107 CFU of P. aeruginosa 
in 500 µL saline without prior manipulation and euthanized after 24 hours, (n = 8); 
(ii) “VAP” group where animals after receiving MV for 2 hours were immediately 
instilled with same bacterial dose and euthanized 24 hours post-infection (n = 8). MV 
was performed on 4 rats simultaneously by Servo 900 C ventilator (Siemens) using 
protective ventilation settings: 10 cm H2O maximum pressure; 4 cm H2O positive 
end-expiratory pressure; 60 breaths/min respiratory rate; time inspiratory/expiratory 
1:2; and fraction of inspired oxygen of 0.21 resulting in ≈8 mL/kg VT. Animals were 
continuously monitored using a pulse oximeter (MouseSTAT, Kent Scientific) to 
control the oxygen saturation and body temperature was maintained at 37°C by use of 
a rectal temperature probe connected with a heating blanket (RightTEMP, Kent 
Scientific); (iii) Chronic pneumonia (Pa-Bead) group where animals were instilled 
with 2 x107 CFU of P. aeruginosa enmeshed in agarose beads and euthanized after 24 
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hours, 72 hours, 5d, 10d or 21d post-infection (n = 20); (iv) Sterile agarose bead 
group euthanized 24 hours or 72 hours post-instillation (n = 6 per group); (v) Saline 
control group (n = 12).  

Animal follow up and euthanasia 

Animals were closely monitored for clinical signs of pneumonia (SI Table 1). 
Euthanasia was performed by isoflurane overdose, and blood collected by cardiac 
puncture utilizing EDTA coated tubes. The trachea was exposed and lungs lavaged by 
a 14-gauge angiocatheter with 20 mL/kg body-weight of ice-cold sterile PBS. Left 
lung was removed, washed in sterile PBS and snap frozen in liquid nitrogen. Right 
lung was washed and fixed overnight in 2 % paraformaldehyde and prepared for 
paraffin embedding. 

Histopathology  
Lung pathology scoring was performed on H&E stained 5 µm thick paraffin sections 
as done previously (Matute-Bello et al., 2011; Wils et al., 2012). All lungs used for 
histology were treated with standardized protocols to allow comparison between the 
groups. Lung pathology was assessed blinded by trained pathologist. Amount of 
neutrophils for each group were manually counted on 8 consecutive images grabbed 
using 200x magnification per slide for each animal, eosinophils were quantified on 
400x magnification. For slides that showed heterogenic staining pattern, most affected 
areas were imaged for quantification.  

For immunohistochemistry, antigen retrieval was performed in citrate buffer (0.018 M 
citric acid.H2O and 0.082 M sodium citrate.H2O) using microwave heating. Endogen 
peroxidase was blocked using 0.3% H2O2 for 20 min. Blocking of non-specific 
antigens was done using 1:5 diluted normal horse serum in 1 % BSA solution for 30 
min. Primary antibodies were diluted in PBS-1% BSA and incubated overnight at 
4°C: anti-CD68 1:200 dilution (Abd Serotec MCA341R), anti-arginase1 1:400 
dilution (Santa Cruz Sc-18354), anti-neutrophil 1:5000 (LSbio LS-C348181). 
Secondary biotinylated antibodies (Jackson Immunoresearch) were used in 1:200 
dilutions, incubated for 30 min at room temperature, washed and incubated with 
extravidin-HRP for 30 min followed by DAB (5’, 5’ diaminobenzedine, Dako) 
development. Double labeled immunohistochemistry was performed using anti-CD68 
(1:200 dilution) and anti-arginase1 (1:400 dilution) with DAG-cy3 and DAM-cy5 in 
1:200 dilution. Sections were co-stained with 5 µg/mL DAPI (Sigma-Aldrich) and 
coverslipped using antifading PBS-glycerol (Citifluor).  

Light microscopy images were grabbed on Olympus UC30 color camera. 
Quantification was performed by calculating the percentage of stained area using 
pixel-by pixel analysis after spectral de-convolution of the image using the IHC 
profiler plug-in in ImageJ v1.47 (Varghese et al., 2014). The mean percentage of 
positive stained area per animal was used. Slides were randomized before analyses by 
blinded investigator. High-resolution images from double-labeled 
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immunofluorescence stained sections were grabbed using a dual spinning disk 
confocal microscope (UltraView VoX, PerkinElmer) and images analyzed using 
Volocity (PerkinElmer). Proportion of Arg1/CD68+ cells was counted manually by 
blinded investigator. 

Lung transcript analyses 

Total RNA from lung tissue was extracted using RNeasy-mini spin columns (Qiagen) 
after grinding in liquid nitrogen. RNA integrity and concentrations were estimated 
using RNA-nanochips on Bio-analyzer (Agilent). Extracted RNA was converted to 
cDNA by reverse transcriptase (RT2 First Strand Kit, Qiagen). Quantitative PCR was 
performed using Bio-Rad CFX connect (Bio-Rad), using custom PCR-arrays 
(Qiagen) including following genes of interest: Lcn2, IL-17f, Camp, IL-5, Rorc, Ctsb, 
Ifnγ, IL-1α, IL-6, Ctsg, IL-10, IL-1β, IL-12a, Tnfα, IL-13, IL-21, Ctsd, IL-17a, IL-22, 
IL-17b, IL-23a . Housekeeping genes included were: Ywhag, Actb, Polr2b, Gapdh, 
Sdha and Tbp; random genomic DNA contamination control, 3 reverse transcriptase 
control and 3 PCR controls were additionally included. Data was analyzed using 
comparative CT method as described earlier (Kumar-Singh et al., 2006; Schmittgen 
and Livak, 2008).  

Western blotting 

Crushed lung tissue was lysed with 4x w/v RIPA buffer containing 2x protease 
inhibitor (Complete, Roche). Samples were sonicated using UP50H ultrasonic 
processor (Hielcher) at 80% power halve pulse for 30 seconds. Samples were spun at 
10,000g for 10 min at 4°C, supernatants aliquoted, protein concentration determined 
by BCA assay (Thermo) and samples stored at -80°C until further processing. ≈5 µg 
of protein was loaded on 4-12% Nupage Bis-Tris SDS-PAGE gels (Novex, Thermo). 
Proteins were immunoblotted onto a polyvinylidene difluoride membrane (Thermo), 
membranes were blocked in 5% ECL prime blocking reagent (Amersham, GE 
Healthcare) in phosphate-buffered saline (PBS) and probed with the antibodies 
against LCN2 (AF3508, R&D) or CAMP (SC-66843, Santa Cruz). Immunodetection 
was performed utilizing HRP-conjugated secondary antibodies and ECL-prime 
chemiluminescent detection system (Amersham Biosciences). Bands were quantified 
on a Lumi-Imager (Roche) and quantitative data were normalized to ACTB (sc-
47778, Santa Cruz), as described earlier (Wils et al., 2012). 

Data analyses and statistics 
Data analyses were performed using Microsoft Excel and SPSS version 21 (IBM). 
Survival analyses were performed using Kaplan Meier estimator with Mantel-Cox log 
rank test for testing significant differences between the groups. Lung transcript 
analyses were performed as stated earlier (Kumar-Singh et al., 2006; Schmittgen and 
Livak, 2008). Briefly, the combined average of each of the appropriate control groups 
was used to calculate the fold differences in the study groups. For testing statistical 
significance, the fold differences for were log transformed. Data was analyzed using 
t-test for independent samples. Correlation analysis was performed using Pearson 
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correlation coefficient (r). Immunohistological and immunocytochemistry data is 
presented as the mean percentage area of each group with standard error of the mean 
and differences between groups tested using 2-tailed independent t-test. 
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RESULTS  

Th2-Th17 responses mediate pulmonary inflammation induced by ‘sterile’ agar 
bead instillation 

To study whether a Th2 response could be provoked by the presence of agarose-
biofilm structures, we first intratracheally-instilled animals with sterile agar beads. 
Compared to control animals, this led to increased neutrophil infiltration in the lung 
studied 24 hours and 72 hours after instillation (P < 0.05 for both) confirming 
previous observations (Cash et al., 1979; Growcott et al., 2011), along with an intense 
eosinophilic infiltration especially surrounding larger bronchioles at both studied time 
points (Fig. 1A). We further showed that CD68+ macrophages were 2 times increased 
at 24 hours and 5.2 times increased at 72 hours compared to controls (P < 0.05 for 
both; Fig. 1A) coinciding with a significant increase in Arg1+ M2 macrophages both 
at 24 and 72 hours post-bead instillation (Fig. 1A, P <0.05). These data were 
confirmed with double labeled immunohistochemistry showing that 31% of activated 
CD68+ macrophages were Arg1-positive already at 24 hours and this proportion 
increased to 83% after 72 hours compared to the control group (Fig. 1B; P < 0.05 for 
24 hours group, P < 0.001 for 72 hours group). 

On lung transcript analyses, no increase in proinflammatory Th1 cytokines (IFNγ, IL-
12) was observed after 24 hours of bead instillation (Fig. 2A), which continued for 
IFNγ also at the 72 hours time point, although at this time point IL-12 was slightly 
increased (Fig. 2A). In contrast, transcript levels of Th2 cytokines were markedly 
elevated with increased expression of IL-5, IL-13 and IL-10 at 24 hours post-bead 
instillation (IL-5, 39 fold, P < 0.05; IL-13, 102 fold, P < 0.001; IL-10, 15 fold, P < 
0.05) (Fig. 2B) and remained elevated after 72 hours (IL-5, 30 fold, P < 0.05; IL-13, 
26 fold, P < 0.01; IL-10, 20 fold, P < 0.05) (Fig. 2B). Similar to human CF studies, 
IL-4 was not altered (Hauber et al., 2003; Tiringer et al., 2013), however, IL-6 was 
significantly increased after 24 hours (38 fold, P < 0.001) and remained elevated 72 
hours post-bead instillation (21 fold, P < 0.05) (Fig. 2B). Several studies have shown 
that IL-6 in the absence of IL-12 (as occurs in bead-model) stimulates Th2 cells while 
blocking Th1 cell differentiation (Dienz and Rincon, 2009; Rincon et al., 1997).  
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Figure 1. M2 macrophage infiltration following sterile bead inoculation.  
(A) Representative images of sterile agar bead instilled animals showing increased influx of 
neutrophils and eosinophils on H&E stain, typically located around larger bronchioles; 
immunohistochemistry for anti-CD68 and anti-Arg1. Scale bar represents 60 µm. Quantitative 
analyses showed increased neutrophils, eosinophils, CD68+ cells and Arg1+ cells at both d1 
and d3 post-instillation (*P < 0.05, *** P < 0.001). Data is presented as averages ± SEM, n = 
6 animals per group. (B) Double-labeled immunohistochemistry showing increased 
proportion of Arg1/CD68+ cells 24 and 72 hours post-bead instillation (P < 0.05, P < 0.001). 
Scale bars represent 30 µm. 
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Increased IL-5 and IL-13 along with increased innate Th2 cell infiltration are known 
characteristics of airway hyperresponsiveness (Pope et al., 2001), a condition marked 
by increased IL-17 expression (Kinyanjui et al., 2013). Additionally, CF patients are 
also known to have increased expression of IL-17 in BAL fluid (Tiringer et al., 2013). 
We therefore analyzed lung transcript levels of Th17-related cytokines and showed 
increased expression of IL-17A, IL-17F, IL-22 and IL-23a  (IL-17A, 157 fold, P < 
0.001; IL-17F, 26 fold, P < 0.05; IL-22, 112 fold, P < 0.01; IL-23a, 3 fold, P < 0.05) 
(Fig. 2C) 24 hours post-bead instillation that remained elevated after 72 hours (IL-
17A, 158 fold, P < 0.01; IL-17F, 33 fold, P < 0.01; IL-22, 65 fold, P < 0.001; Fig. 
2C). These data indicate that sterile beads provoke airway hyperresponsiveness 
through Th2 and IL-17 cytokines mediated innate immune responses that drive the 
increased M2 macrophage and eosinophil infiltration in lung. 

 

Figure 2. Lung transcript levels in response to sterile agar beads. (A) Lung transcript 
levels of Th1 cytokines IFNγ and IL-12a (*P < 0.05; n = 6 animals per group) in sterile bead 
instilled animals compared to controls. (B) Increased expression of Th2 and immune 
modulatory cytokines in lung compared to controls (IL-5, IL-6, IL-10, IL-13; P < 0.05; **P < 
0.01; P < 0.001). (C) Expression of IL-17 cytokines in lung compared to controls (IL-17F, IL-
17A, IL22, IL23a; P < 0.05; **P < 0.01; P < 0.001) 
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Increased Th2-Th17 cytokine profile in Pa agar bead pneumonia model 
To study whether Th2/Th17-cytokines as well as increased lung infiltration of 
eosinophils and M2 macrophages observed in the sterile bead model persist after P. 
aeruginosa co-challenge, we established and studied a Pa-bead model and compared 
it to a non-bead acute pneumonia (Pa) model and a model for ventilator-associated 
pneumonia (VAP). The Pa-bead model showed highest survival compared to the VAP 
and Pa models with only 20% of animals surviving for the VAP group after 24 hours 
using the same dose of P. aeruginosa as used in the other models (Fig. 3A; P < 0.001, 
Mantel-Cox log rank test). On clinical scores, the Pa-bead model showed slower 
disease progression, but also slower improvement compared to the VAP and Pa 
models (Fig. 3A; P < 0.001 with VAP, P < 0.05 with Pa model). Additionally, all 3 
pneumonia models were histologically characterized by increased alveolar 
neutrophilic infiltration that was highest for Pa-bead model (Fig. 3B; P < 0.05 for Pa, 
P < 0.05 for VAP). All 3 acute infection groups also showed distinct signs of vascular 
congestion, alveolitis and alveolar collapse associated with intense neutrophilic 
infiltration in affected lung areas. For the Pa-bead model, this was largely restricted to 
the larger bronchioles entrapping bacteria loaded agarose beads causing 
bronchopneumonia while VAP and Pa models presented histologically as multilobar 
confluent pneumonia as also shown previously (see, Fig. 5A)(van Heeckeren and 
Schluchter, 2002). The Pa-bead model, however, showed lower amounts of CD68+ 
cells 24 hours post-infection compared to VAP and Pa models (Fig. 3B).  

We further analyzed proinflammatory cytokine expression in the early stages of 
pneumonia development in the three models and showed that IL-12a and IFNγ, 
important cytokines that drive Th1 cellular differentiation (Zhu et al., 2010), were 
significantly increased at 24 hours time point compared to controls, but were not 
significantly different from each other (Fig. 4A). Lung transcript levels of other 
proinflammatory cytokines TNFα, IL-1α, IL-1β, as well as IL-6 that has both pro- and 
anti-inflammatory functions, were upregulated 24 hours post-infection in Pa-bead 
model, as shown earlier (Lavoie et al., 2011), while IL-1α, IL-1β and IL-6 were also 
significantly higher in the Pa-bead model compared to VAP and Pa models (P for all 
< 0.001; SI Fig. 1). 
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Figure 3. Pneumonia disease progression. (A) Pa-bead model shows significant slower 
disease progression measured using scoring scheme shown in SI Table 1 (***P < 0.001 for 
VAP, *P < 0.05 for HAP) and higher survival (Kaplan-Meier, ***P < 0.001, for VAP, * P < 
0.05 for HAP, Mantel-Cox log rank test) 18 hours post-infection. (B) Increased neutrophil 
infiltration on IHC (***P < 0.001 for all compared to controls) most elevated for Pa-bead 
model (*P < 0.05 for HAP, ** P < 0.01 for VAP) and increased CD68 positive cells in all 3 
models (***P < 0.001 for all) with lowest positive staining for Pa-bead model (*P < 0.05 for 
VAP,** P < 0.01 for HAP). Data is presented as averages ± SEM, n = 6 animals per group. 
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Figure 4. Lung transcript analyses in different pneumonia models. (A) Expression of Th1 
associated cytokines IFNγ, IL-12a compared to control group ( ***P < 0.001; n = 6 animals 
per group). (B) Lung transcript levels of IL-10 and IL-13 compared to control group (*P < 
0.05, P < 0.001). (C) Expression of IL-17 and related cytokines (*P < 0.05; **P < 0.01; P < 
0.001; n = 6 animals per group). 

We next studied whether highly upregulated Th2 cytokines incited by sterile beads 
persist after P. aeruginosa co-challenge. Moreover, patient studies have shown an 
increased presence of IL-13 in BAL fluid of CF patients (Tiringer et al., 2013). We 
showed that lung transcript levels of IL-13 were already increased 24 hour post-
infection in the Pa-bead model that became significantly 3-fold elevated after 72 
hours (Fig. 4B; P < 0.05). Expression of IL-10 was acutely increased in the Pa-bead 
model (Fig. 4B; 211 fold, P < 0.001) while IL-4 and IL-5 transcript levels remained 
unaltered (data not shown).  

We further studied Th17 related cytokines that were also markedly elevated after 
sterile bead instillation. The Pa-bead model showed highly increased IL-17A 
transcript levels, which were also significantly 5 and 7 times higher compared to VAP 
and Pa models, respectively (P for both < 0.05; Fig. 4D). A similar trend was 
observed for IL-17F where the Pa-bead model showed a ≈3 fold higher expression 
compared to VAP and Pa models (Fig. 4D; P for both < 0.05). In contrast, IL-17B 
was not significantly altered in any of the models studied (data not shown). IL-17A 
and F drive induction of proinflammatory cytokines including IL-1α, IL-1β and TNFα, 
and in particular IL-6 that acts in a positive feedback loop to amplify IL-17 secretion 
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(Ogura et al., 2008). Accordingly, IL-6 expression correlated well with the expression 
levels of IL-17A (r = 0.94; P < 0.001) and IL-17F (r = 0.98; P < 0.001). 

IL-22 was upregulated in all 3 models (Fig. 4D; P for all < 0.001) and similar for IL-
17, IL-22 expression was highest in Pa-bead model (>10 times compared to VAP and 
Pa models, P for both < 0.001). IL-22 transcript levels also correlated with IL-6 
expression (r = 0.99; P < 0.001). IL-23a, one of the strongest drivers of Th17 cells 
and IL-17 secretion (Bedoya et al., 2013) was also up regulated in the acute time point 
in all models, and was highest for Pa-bead model (≈15 times increased compared to 
VAP and Pa groups, Fig. 4D, P for both < 0.01). 

Interestingly, by 72 hours post-infection, lung transcript levels of Th1 cytokines 
(IFNγ, IL-12a), general proinflammatory cytokines (TNFα, IL-1α, IL-1β, IL6), Th-17 
cytokines (IL-17A and F, IL-22 and IL-23a), as well as IL-10 subsided although many 
of these were still increased compared to non-infected animals. By contrast, IL-13 
was the only cytokine studied that increased from day 1 to day 3 for the Pa- bead 
model. 

The chronic pneumonia model is characterized by increased Arg1+ activated M2 
macrophages  

We questioned whether the uniquely upregulated IL-13 at day 3 time point has a 
consequence on macrophage polarization and whether the increased M2 response 
observed in sterile bead inoculated animals persist when agarose beads are loaded 
with bacteria. While patient studies have shown an increased arginase activity in BAL 
fluid of CF patients (Grasemann et al., 2005; Murphy et al., 2010), indicating 
increased presence of M2 macrophages possibly targeted towards biofilm structures, 
the contributing role of bacteria and the temporal evolution of the M2 response 
remains unknown. We first showed that CD68+ cell infiltration already observed at 
day 1, peaked at day 3 post-infection, but thereafter declined steadily until 21 days 
post-infection. However, at all time-points, CD68+ cells remained significantly 
elevated compared to uninfected controls (Fig. 5A; P < 0.001). Double-labeled 
immunohistochemistry revealed that at 72 hours post-infection, 63% of CD68+ 
activated macrophages were of Arg1+ M2 macrophages compared to 14% for 
untreated controls (Fig. 5B; P < 0.001). Later time points showed a steady decline, 
however, the proportional increase of Arg1/CD68+ cells persisted until 21d post-
infection, the last time point studied (35%, P < 0.05 compared to untreated controls). 
Additionally, the Pa-bead model was characterized on histology by an increase in 
eosinophilic infiltration (Fig. 5A, see inset) and is consistent with sporadic reports of 
increased eosinophil activation in lung of CF patients with P. aeruginosa pneumonia 
(Koller et al., 1994). 
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Figure 5. Increased Arg1/CD68+ macrophages in Pa-bead model. (A) Gross lung 
pathology analyzed up to 21d post-infection with clear evidence of pulmonary inflammation 
that persists in Pa-bead model marked by increased eosinophil infiltrates and increased CD68 
positive cells. Arrowheads marking eosinophil infiltration. Insets showing magnified 
eosinophil; CD68+ macrophage surrounding beads. Quantitative immunohistochemistry 
showed increased CD68 positive staining in Pa-Bead model at d1, d3, d6, d10 and d21 post-
infection (***P < 0.001 for all compared to control group). (B) Representative images for 
double-labeled immunohistochemistry showing the proportion of Arg1/CD68+ cells. 
Quantitative double-labeled immunohistochemistry showed the increased proportion of 
Arg1/CD68+ cells day 1 until day 21 post-infection (*P < 0.05, ***P < 0.001). Scale bars 
represent 100 µm, 10 µm for insets.  
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Antimicrobial peptide expression in different pneumonia models 
Induction of antimicrobial peptide (AMP) secretion from epithelial cells is one of the 
primary functions of IL-17, besides stimulating neutrophil chemotaxis (20). All 
pneumonia models used as well as sterile bead inoculated animals show distinct 
upregulation of IL-17 and associated cytokines. We therefore investigated the 
expression of important antimicrobial peptides, lipocalin 2 (Lcn2), cathelicidin 
antimicrobial peptide (Camp) and cathepsins in lungs of different pneumonia models. 
Lcn2 and Camp were significantly upregulated in all 3 acute P. aeruginosa 
pneumonia models (Fig. 6A). Increased lung protein levels of LCN2 and CAMP were 
also confirmed by western blotting where these AMPs were undetected in healthy 
control animals (Fig. 6A). Correlation analysis on transcript levels revealed that Lcn2 
and Camp expression correlated best with IL-17F expression (r = 0.94 and 0.98 
respectively, P, for both, < 0.001). 

We also analyzed cathepsin B and cathepsin D coded by the Ctsb and Ctsd genes. In 
contrast to Lcn2 and Camp, the highest expression of Ctsb and Ctsd was observed 
only at 72 hours post-infection for the Pa-bead model (4.3 and 5.7 fold, respectively 
P, for both, < 0.001; SI Fig. 2), and as expected, did not correlate with any of the 
cytokines from the IL-17 pathway that subsided by day 3. These data indicate that 
while LCN2, CAMP and cathepsins are important antimicrobials against P. 
aeruginosa pneumonia, cathepsins are not likely induced by IL-17 pathway. 

In addition, sterile bead inoculated animals showed increased expression of Lcn2 at 
day 1 (16 fold, P < 0.001) and day 3 (8.7 fold, P < 0.01) post-bead inoculation (Fig. 
6B). Expression Camp in lung was slightly non-significantly increased compared to 
untreated control animals, however CAMP protein was increased in lung tissue 
lysates on western blot in both Bead-d1 and Bead-d3 groups compared to untreated 
controls. 
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Figure 6. Antibacterial peptide secretion in different lung inflammatory models. (A) 
Lung expression analysis of LCN2 and CAMP in Pa-bead, VAP and HAP models. (**P < 
0.01, ***P < 0.001; n = 6 animals per group). Western blot validation of LCN2 and CAMP 
for pneumonia models analyzed at day 1. Representative blot images for each group are 
shown. (B) Expression of Lcn2 and Camp in sterile bead inoculated animals at d1 and d3 
post-inoculation compared to controls. Representative western blot images for both groups 
are shown. 
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DISCUSSION 
CF patients chronically colonized/infected with P. aeruginosa show increased IL-5 
and IL-13 in BAL fluid (Tiringer et al., 2013) as well as increased expression of IL-13 
from PBM cells (Hauber et al., 2003). Several studies have also shown an increased 
arginase activity and increased M2 macrophages and eosinophils in BAL fluid of CF 
patients carrying P. aeruginosa (Grasemann et al., 2005; Murphy et al., 2010). We 
showed here that instillation of ‘sterile’ agarose beads in a rat model of biofilm, 
extensively used in the field of cystic fibrosis research (Cash et al., 1979; Growcott et 
al., 2011; Sadikot et al., 2005), activates the same Th2 cytokines (IL-5, IL-13, IL-10) 
and Th2 innate cells (eosinophils and Arg1+ M2 macrophages) as observed in 
humans. Interestingly, when co-challenged with P. aeruginosa, we showed that IL-10 
and IL-13 transcripts were still notable; in fact, the increase in IL-13 at day 3 was in 
the background of a drastic decline of almost all other cytokines studied here, 
including those from Th1/Th17 pathway. The notable upregulation of IL-13, an 
important effector cytokine driving M2 polarization was well supported by presence 
of Arg1+/CD68 M2 macrophage population in lungs that peaked at day 3 when ≈60% 
of all activated macrophages were of M2 phenotype and these cells showed their 
significant presence till 21 days, the last time point analyzed. These data suggest that 
the Th2/M2 response observed in CF patients is majorly due to pathogen-associated 
biofilm. This premise also fits well with the observation that pathogens most 
frequently associated with CF/chronic pneumonia pathology such as P. aeruginosa, S. 
aureus and B. cepacia (Coutinho et al., 2008) are ones with high biofilm producing 
capacity. Important for the therapeutic implications, increased expression of IL-5 and 
IL-13 in lungs of CF patients has been associated with occurrence of acute 
exacerbations (Tiringer et al., 2013). Worryingly, one fourth of all CF patients do not 
recover to baseline within 3 months after starting treatment with antibiotics after acute 
exacerbation (Bhatt, 2013). Perhaps the M2-Arg1+ IL-13 pathway could be a 
potential target for treatment after episodes of acute exacerbations in CF patients. 

We also showed here that the acute anti-P. aeruginosa immune response seems to be 
modulated by IL-17 associated cytokines (IL-17A, IL-17F, IL-22, and IL-23) 
observed to be upregulated in all three pneumonia models. Nevertheless, the most 
marked differences were observed in the Pa-agar bead model (Table 1) that also 
showed highest neutrophilic infiltration. Neutrophil migration correlated with the high 
expression of IL-17A and F, these cytokines are known for their action on 
chemotaxis, expansion and survival of polymorphonuclear cells (Bedoya et al., 2013) 
as well as induction of AMP secretion (Fujie et al., 2012). AMPs are important factors 
in host defense by exerting cytotoxicity on invading pathogenic microorganisms as 
well as serving an immune modulatory function (Zanetti, 2004). For instance, LCN2 
is an iron chelator that limits iron availability for invading pathogens and LCN2 
expression is induced by IL-17 (Shen et al., 2005). Similarly, CAMP is a member of 
the cathelicidin antimicrobial peptide family and is known to protect against P. 
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aeruginosa infection both by direct bactericidal effect as well as enhancing early 
neutrophil response (Beaumont et al., 2014). While we show that LCN2 and CAMP 
correlated well with IL-17 expression and are likely driven by the latter, upregulation 
of cathepsins did not correlate with IL-17 but were more tightly linked with the Pa-
bead model. Whether cathepsins are also similarly more tightly linked with CF 
pathology needs to be further studied in patients. 

Table 1. Comparison of different P. aeruginosa pneumonia models 

  VAP model HAP model Pa-agar bead model 

Model of human disease 
Ventilator-
associated 
pneumonia 

Acute 
pneumonia 

Cystic fibrosis 
pneumonia 

Type of pneumonia Acute Acute Chronic 
Additional insult for model 
establishment Prior MV na agar beads 

histopathology lobar pneumonia lobar pneumonia broncho-pneumonia 
Survival and disease 
progression + + + + + + 

Th17 cytokines expression + + + + + + + + + + 
Th1 cytokine expression + + + + + + 
Th2 cytokines expression ± ± IL-13 

AMP expression LCN2, CTSB, 
CAMP 

LCN2, CTSB, 
CAMP 

LCN2, CTSB, 
CAMP, CTSD 

Macrophage phenotype M1 and 
(Arg1)+M2 M1 predominant M1 and (Arg1+)M2 

LCN2 lipocalin 2; CTSB, cathepsin B; CTSD, cathepsin D; MV, mechanical ventilation; 
CAMP, cathelicidin antimicrobial peptide; Arg1, arginase 1; “+” signs indicate semi-
quantitative comparisons with single sign indicating the lowest. 

More relevant to the main finding of this study, we also showed here that Th-17 
associated cytokines such as IL-17A, IL-17F, IL-22, and IL-23 were significantly 
several fold upregulated as a direct consequence of sterile bead instillation suggesting 
that similar to Th2 cytokines, biofilms are an important driver of IL-17 cytokines and 
can partly explain the high levels of IL-17 levels observed in CF patients (Tiringer et 
al., 2013). While as noted above, increased IL-17 should be a marker for infections in 
CF patients; in absence of infection, IL-17 levels could be a diagnostic marker of 
biofilm formation and a predictor of impending infection or even used to monitor 
anti-biofilm treatments in the future, premises that will have to be tested in patient 
series. 

Lastly, we compared here several models used in pneumonia research and showed 
that different pneumonia models are characterized by marked differences in the 
inflammatory response. Especially the Pa-bead model has distinct pathogenic steps 
not present in acute pneumonia model or VAP model (Table 1) and these marked 
differences between the models should be considered when choosing an appropriate 
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infectious model as they could impact on the interpretation of inflammatory readouts 
and therapeutic observations.  

To conclude we showed that Th2/Th17 cytokines response observed after sterile agar 
bead instillation in rat lungs closely mimics the Th2/Th17 response occurring in CF 
patients suggesting that these immune responses could majorly be caused by 
pathogen-associated biofilm structures present in these patient lungs. 



Chapter 3 

 108 

ACKNOWLEDGMENT 
This study was funded by the Flemish Fund for Scientific Research (FWO), Flemish 
Institute for Science and technology (IWT-SBO), and University of Antwerp-GOA. 
KB and BSJ are PhD fellows of IWT. SK-S designed and supervised the study. KB, 
BSJ, JB, CL, and SK-S carried out the experiments and analyzed data. KB, SM-K, 
HB and SK-S interpreted data. KB and SK-S prepared the manuscript as finalization 
of this study. 



  Th2-M2 biofilm response 

109 

SUPPLEMENTARY FIGURES 
 

 

SI Fig. 1. Proinflammatory cytokine expression in pneumonia models.  
(A) Proinflammatory cytokine expression in VAP, HAP and P-bead models (**P < 0.01, 
***P < 0.001). (B) IL-6 lung transcript levels in Pa-Bead, VAP and Pa models compared to 
controls (P < 0.001). 

 

 

SI Fig. 2. AMP expression. Lung transcript analyses for CTSB and CTSD in Pa-bead, VAP 
and HAP models compared to controls (*P < 0.05, **P < 0.01, *** P < 0.001). 
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ABSTRACT 
P. aeruginosa is a unique organism able to grow in the most harsh environments and 
characterized by both a large genome as well as unique mechanisms that allow for 
enhanced genomic and metabolic plasticity. This renders P. aeruginosa a notorious 
nosocomial pathogen equipped with a myriad of virulence factors as well as antibiotic 
resistance adaptations. Low-level exposure to antibiotics, both in hospital settings as 
well as from livestock and wastewater, showed that resistance selection and 
phenotypic alterations occur at subinhibitory concentrations. In this study, select P. 
aeruginosa laboratory strains as well as clinical isolates were cultured with 
subinhibitory concentrations of imipenem, colistin, cefepime and tobramycin and 
differential protein expression was analyzed using multiplex-labeled shotgun 
proteomics and data was validated using transcript analyses. Low-level exposure to 
imipenem induced expression of AlgR and AlgC, proteins involved in biofilm 
formation as well as regulating virulence and of Hcp1 and ClpV1, both main 
components of H1-type-6 secretion system. Tobramycin on the other hand induced 
marked upregulation of proteins involved in branched amino acid metabolism, 
electron transport chain proteins and superoxide dismutase indicating that tobramycin 
induces oxidative stress in P. aeruginosa as previously observed with E. coli. 
Cefepime and colistin only showed a marginal effect on protein expression at 
subinhibitory concentrations. This study demonstrates the differential responses of P. 
aeruginosa towards various antibiotic classes at subinhibitory concentrations thus 
gaining further insight in the potential resistance mechanisms and cellular physiology 
of this bacterium after exposure to low levels of antibiotics. 

Keywords: P. aeruginosa, Antibiotics, Subinhibitory, T6SS, Mass spectrometry 
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INTRODUCTION 
Pseudomonas is a versatile organism able to grow in various environments including 
soil and water and has the ability to infected plants (Walker et al., 2004).  More 
importantly, P. aeruginosa is one of the most common nosocomial pathogens 
frequently isolated in cystic fibrosis patients and patients developing hospital-
acquired pneumonia (Gibson et al., 2003). This seemingly strange nature of P. 
aeruginosa is a result of the remarkable plasticity observed in this pathogen. P. 
aeruginosa is characterized by having one of the largest genomes known in the 
prokaryotic world reaching 6.3 million base pairs with a predicted 5570 open reading 
frames constituting approximately 6200 proteins (Stover et al., 2000). In addition, P. 
aeruginosa harbors unique mechanisms of genomic plasticity, able to alter its 
repertoire of genes needed in any particular environment (Mathee et al., 2008). This 
plasticity combined with the large genome, renders this bacterium an efficient 
opportunistic pathogen and giving it a wide array of potential virulence factors and 
antibiotic resistance mechanisms. 

Subinhibitory concentrations of antibiotics can induce resistance development in P. 
aeruginosa in vitro (Wu et al., 1999) and causes specific phenotypic effects. Low-
level exposure to piperacillin/tazobactam showed a variable response over different P. 
aeruginosa isolates with reduced biofilm formation and increased oxidative stress 
most frequently observed (Fonseca et al., 2004). Moreover, subinhibitory 
concentration of macrolide antibiotics, not commonly used against Pseudomonal 
infections, altered biofilm phenotype in vitro (Wozniak and Keyser, 2004). Colistin 
has been shown to induce expression of the Pseudomonas quinolone signalling 
pathway (Cummins et al., 2009), while the aminoglycoside tobramycin inhibited the 
Rhll/R quorum sensing mechanism (Babic et al., 2010). Kanamycin, on the other 
hand induces expression of type 6 secretion system (T6SS) (Jones et al., 2013). These 
marked observations indicate that exposure to antibiotics at low levels elicit a unique 
cellular response most frequently linked with either biofilm, virulence or antibiotic 
resistant mechanisms.  

Recent studies suggest that low-level exposure to antibiotics in the environment, 
select for resistant strains or increase the antibiotic resistance within particular 
organisms (Andersson and Hughes, 2014). The increased use of prescribed antibiotics 
as well as antibiotic consumption in livestock have resulted in bacteria that have the 
potential to be become resistant towards virtually all known antibiotics (Liew et al., 
2013; Whiteley et al., 2001). Therefore, the aim of this study was to gain more insight 
in the intracellular pathways evoked while P. aeruginosa is stressed with various 
antibiotics from common antibiotic classes frequently used to treat P. aeruginosa 
infections including carbapenems, cephalosporins, aminoglycosides and polymixins. 
Using a multiplex tandem MS/MS approach, differentially expressed proteins in both 
lysates and secretomes fractions are identified and compared with expression level 
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under different antibiotic treatment conditions and non treated controls to find unique 
mechanisms linked with the corresponding antibiotic. 
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METHODS 

Strain characterization 

Two clinical isolates (CI-I and CI-II) recovered from BAL fluid of VAP patients and 
2 ATCC strains:  ATCC 27853 and PAO1 were used in the experiments. Resistance 
profiles for imipenem, cefepime and tobramycin were determined by E-test 
(BioMérieux). Colistin resistance profiles were determined using macro-broth dilution 
according to CLSI guidelines (Institute, 2006). MLST was performed according to 
Curran et al. (Curran et al., 2004).  

Bacterial cell culture 

Bacteria were grown over-night on Columbia Base II blood agar plates (BD). 0.5 
McFarland (McF) bacterial solutions are made with minimal essential medium 
(MEM) MEM supplemented with 25 mM HEPES and 1x Glutamax (Gibco). One mL 
of bacterial suspension is added to 9 mL of media containing either ¼ MIC of select 
antibiotic or no antibiotic. For imipenem, following concentrations were utilized: 
ATCC 27853 1 µg/mL, PAO1 0.5 µg/mL, CI-I 0.25 µg/mL, CI-II 0.5 µg/mL; for 
cefepime: ATCC 27853 0.75 µg/mL, PAO1 0.25 µg/mL, CI-I 0.375 µg/mL, CI-II 1.5 
µg/mL; for colistin: ATCC 27853 0.125 µg/mL, PAO1 0.125 µg/mL, CI-I 0.25 
µg/mL, CI-II0.512 µg/mL; for tobramycin: ATCC 27853 0.1875 mg/mL, PAO1 
0.1875 mg/mL, CI-I 0.1875 mg/mL, CI-II 0.1875 mg/mL. During each experiment, 2 
positive controls containing no antibiotics were included per strain of which one was 
used as normalizing control. All experiments were repeated in independent triplicates. 
Strains were incubated for 5 hours at 37°C with constant shaking. After incubation, 
cells were pelleted at 3200 x g for 15 min at 4 °C. Secretome fractions were 
transferred into new tubes, cell debris was removed by centrifugation at 10 000 x g 
for 10 min at 4°C and filtration using 0.22 µm filter and 2 x HALT protease and 
phosphatase inhibitor (Pierce, Thermo) was added. Secretomes were frozen at -80°C 
until protein digestion. Cell pellets are washed with sterile saline and transferred into 
lo-bind ebbs. Pellets were weighted. 500 µL of RIPA buffer (Pierce, Thermo) 
containing 2x halt protease and phosphatase inhibitor was added and samples frozen 
at -80°C. 

Growth curve analyses 
0.5 McF bacterial suspensions were prepared. These were 1 into 10 diluted in MEM 
supplemented with 25 mM HEPES and 1x Glutamax (Gibco). Media (final volume 
200 µl) containing following concentrations of antibiotics: 4 x MIC, 2 x MIC, 1 x 
MIC, 1/2 x MIC, 1/4 x MIC, 1/8 x MIC, 1/16 x MIC of each individual strain 
combined with 2 positive growth controls containing no antibiotic. Samples were 
loaded in 96 cell micro-titter plates. Outside borders were filled with sterile water to 
prevent evaporation of media. Growth curves were measured in real time using the 
MultiScanGo (Thermo). Readings at 600 nm were performed every 15 min. for a 
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maximum of 24 hours. Between readings, the plate was shaken continuously. All 
experiments were performed in independent duplicates. 

Protein digestion and peptide labelling 

Once thawed, cells are broken by sonication in an ice water bath. Unbroken cells and 
cell debris are removed by sedimentation at 10 000 × g for 15 min at 4 °C.  Protein 
concentrations for cell lysates and secretomes were determined by BCA-assay 
(Pierce, Thermo) according to vendors’ protocol. Ten µg protein per sample was 
taken and 100 mM TEAB was added. Samples were reduced with 200 mM TCEP at 
55°C for 1h and alkylated with 375 mM iodoacetamide at room temperature for 30 
min. Proteins were precipitated with 6x ice cold acetone overnight (-20°C). Proteins 
were pelleted at 8000 x g for 10 min at 4°C. Pellets were resuspended in 100 mM 
TEAB and proteins were digested overnight with 0.5 µg modified trypsin (Pierce, 
Thermo). Tryptic peptides were labeled with TMT-six-plex Isobaric Mass Tagging kit 
(Pierce, Thermo). Each strain was combined into one single six-plex experiment 
containing the imipenem, colistin, cefepime, tobramycin, and both control conditions 
(Fig. 1). Label swaps were performed randomly in the biological triplicates. Label 
reagents were reconstituted in anhydrous acetonitrile and added to the peptides. 
Samples were incubated for 1 hour at room temperature and the reaction quenched 
with 5% hydroxylamine. Solvents were removed by speedvac; samples reconstituted 
to 0.9 µg/uL peptide concentration in 100 mm TEAB and pooled per strain (4 
antibiotic conditions and 2 non antibiotic controls). A total of 24 independent TMT 
labeling experiments (12 for lysates, 12 for secretomes, 4 strains and 3 replicates) 
were prepared. 

 

Figure 1. Overview of multiplex- labeling strategy. Graphical representation of tandem 
mass tag (TMT) labeling approach used. Per strain, 4 antibiotic conditions, 1 non antibiotic 
control and one normalization control were differentially labeled, pooled and analyzed using 
TMT multiplex strategy on Q-Exactive mass analyzer. 
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LC-MS/MS analyses 
2.5 µl of each peptide mixture was introduced into an LC−MS/MS system through an 
Ultimate 3000 RSLC nano LC (Thermo Fisher Scientific) in-line connected to a Q-
Exactive mass spectrometer (Thermo Fisher Scientific). The sample mixture was first 
loaded on a trapping column (made in-house, 100 µm internal diameter (I.D.) × 20 
mm, 5 µm beads C18 Reprosil-HD, Dr. Maisch, Ammerbuch-Entringen, Germany). 
After flushing from the trapping column, the sample was loaded on an analytical 
column (made in-house, 75 µm I.D. × 150 mm, 5 µm beads C18 Reprosil-HD, Dr. 
Maisch). Peptides were loaded with loading solvent (0.1% TFA in water/acetonitrile, 
2/98 (v/v)) and separated with a linear gradient from 98% solvent A (0.1% formic 
acid in water) to 55% solvent B (0.1% formic acid in water/acetonitrile, 20/80 (v/v)) 
applied over 235 min at a flow rate of 300 nL/min. This was followed by a 5 min 
wash reaching 99% solvent B. Two packing columns and two analytical columns 
were configured in tandem LC mode and switching between the two flow paths – the 
analysis flow path and the regeneration flow path – allows for column washing and 
re-equilibration off-line; thus, while one column is re-equilibrated, the system injects 
and separates a sample on the other column. 

The mass spectrometer was operated in data-dependent, positive ionization mode, 
automatically switching between MS and MS/MS acquisition for the 20 most 
abundant peaks in a given MS spectrum. The source voltage was 3 kV, and the 
capillary temperature was 275°C. One MS1 scan (m/z 400−2000, AGC target 3 × 106 
ions, maximum ion injection time 80 ms) acquired at a resolution of 70,000 (at 200 
m/z) was followed by up to 20 tandem MS scans (resolution 17,500 at 200 m/z) of the 
most intense ions fulfilling predefined selection criteria (AGC target 2 × 105  ion , 
maximum ion injection time 60 ms, isolation window 1.6 Da, fixed first mass 120 
m/z, spectrum data type: centroid, underfill ratio 2%, intensity threshold 6.7xE4,  
exclusion of unassigned, 1, 5-8, >8  charged precursors,  peptide match preferred, 
exclude isotopes on, dynamic exclusion time 15 s). The HCD collision energy was set 
to 30% Normalized Collision Energy and the polydimethylcyclosiloxane background 
ion at 445.120025 Da was used for internal calibration (lock mass). 

Protein identification and quantification 
Protein identifications are performed on the recorder spectra using the 
ProteomeDiscoverer V1.3 software (Thermo Scientific). Proteins are identified using 
Mascot and Sequest algorithms against reviewed Uniprot Kb/Swissprot P. aeruginosa 
database, allowing 1 missed cleavage of trypsin. Phosphorylated peptides were 
identified with the PhospoRS-tool. False discovery rate is determined with target 
decoy database strategy, setting the false discovery rate at 1% and only allowing 
peptides from the first rank. Protein quantifications were performed on unique 
peptides only. Signal normalization was performed using the media protein. Protein 
quantifications for imipenem, colistin, cefepime, tobramycin and the first control were 
normalized against the second control. Significant differences in the protein ratios 
within each strain were determined using Mann-Whitney U-test, significant 
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differential expressed proteins over all Pseudomonas strains was calculated using 
independent t-test.  

Bacterial transcript analyses 

Total RNA was extracted from 2 independent experiments from non-antibiotic, 
imipenem and tobramycin grown P. aeruginosa cultures. Ten mL RNAprotect 
bacteria reagent (Qiagen) was added to 5 ml of bacterial culture, samples vortexed 
and incubated at RT for 5 min followed by 10 min centrifugation at 5000 x g, 
supernatants removed and cell pellets stored at -80°C. Bacterial cells were lysed using 
1 mg/mL lysozyme in RNAse-free TE buffer (10 mM tric-Cl, 1mM EDTA, pH 8) at 
RT for 5 min and RNA extracted using spin column (Qiagen). RNA integrity and 
concentrations were estimated using RNA-nanochips on Bio-analyzer (Agilent). 
Extracted RNA was converted to cDNA by reverse transcriptase (RT2 First Strand 
Kit, Qiagen). Quantitative PCR was performed using Bio-Rad CFX connect (Bio-
Rad) and SsoAdvanced SYBR green supermix (Bio-Rad) using 2 step PCR with 
cycles of 95°C for 10 second followed by 60°C for 30 seconds. Primer pairs for AlgR, 
AlgC, PelA, PslA, ClpV1, Hcp1, Hcp2, Hcp3, Bkdb, MmsA, MmsB, Vrg1, RpoD, RpsL 
are shown in supplementary table 1. Data was analyzed using comparative CT 
method with RpoD and RpsL as housekeeping genes as described earlier (Kumar-
Singh et al., 2006; Schmittgen and Livak, 2008). Significant differences in expression 
over all strains were determined using student t-test on log10 transformed fold 
differences. 
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RESULTS  

Bacterial growth under subinhibitory antibiotic concentrations 

All P. aeruginosa strains used were susceptible for selected antibiotics (Table 1). 
PAO1 and ATCC 27853 were obtained from repositories; clinical isolates were 
obtained from BAL cultures of VAP patients. History of antibiotic use in patients 
prior to BAL was amoxicillin-clavulanate for CI-I and cefazoline followed by 
amoxiciclin-clavulanate for CI-II. PAO1 belonged to ST type 549, ATCC 27853 to 
ST type 155 and both CI-I and CI-II to ST type 244. 

Table 1: MIC determined of used strains 

Strain 
Imipenem 

(ug/ml) 
Cefepime 
(ug/ml) 

Tobramycin 
(mg/ml) 

Colistin 
(ug/ml) 

PAO1 2  1  0.75  0.5  
ATCC 27853 4  3  0.75  0.5  

CI-I 1  1.5  0.75  1  
CI-II 2  6  0.5  0.5  

     Criteria 
    Sensitive < 2 < 8 < 4 < 2 

Intermediate 4 16 8 4 
Resistant > 8 > 32 > 16 > 8 

 

Strongest growth inhibition was observed for PAO1 and ATCC 27853 strains under 
imipenem pressure (Fig. 2). In addition, the growth trends of PAO1, CI-I and CI-II 
were similar for tobramycin marked by an extensive lag phase followed by a short 
steep exponential phase (Fig. 2). Cefepime and colistin antibiotics did not influence 
the growth rate or shape of the growth curves substantially at ¼ the MIC and only a 
minor effect of cefepime was observed for CI-I (Fig. 2). 

LC-multiplex-MS/MS descriptive statistics 
All analyses per strain were performed in 3 independently grown experiments. 
Between each experiment, there was ≈ 75% coverage compared to the total unique 
identification per strain in the lysate fractions. Within each experiment, overlap 
between the different strains was ≈ 82%. Total unique identification over all 
experiments and all strains was 1319 with 683 proteins identified in all 4 strains 
(Table 2). Secretome fractions showed a higher inter-experiment variation with ≈ 
53% coverage compared to the total unique identification per strain. Within each 
experiment, overlap between the different strains was ≈ 77%, comparable with the 
lysate fraction (Table 2) indicating secretome protein analyses using LC-MS/MS is 
more prone towards experimental variation. Total number of unique proteins 
identified in secretome fractions was 571 of which 234 were present in all strains. 
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Figure 2. Growth curves under subinhibitory antibiotic concentrations. In vitro growth 
under subinhibitory concentration of imipenem, colistin, cefepime and tobramycin at ¼ of the 
isolates MIC was determined by measuring O.D. at 600 nm at 15 min intervals. Strains were 
cultured in supplemented MEM.  

 
Table 2. Overlap unique identifications MS analyses 

 
Overlap Unique ID's lysates 

 
PAO1 ATCC CI-I CI-II 

PAO1         
ATCC 
27853 822       

CI-I 788 777     
CI-II 841 839 800   

Present in all 4 unique data sets 683 

     
 

Overlap Unique ID's secretomes 

 
PAO1 ATCC CI-I CI-II 

PA01         
ATCC 
27853 352       

CI-I 275 279     
CI-II 271 280 257   

Present in all 4 unique data sets 234 
 

Subinhibitory concentrations of imipenem induces AlgC and AlgR expression 

Five hours culturing under imipenem pressure increased protein expression of AlgR 
(1.8 fold, P < 0.05) and AlgC (1.6 fold, P < 0.05; Fig. 3A). PAO1 and ATCC 27853 
showed the highest expression of both AlgR and AlgC while CI-II showed high 
expression of AlgR under tobramycin (SI Fig. 1, 2). In addition, there was a marked 
difference between both clinical isolates and the commercially available strains. The 
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laboratory strains showed a higher expression of AlgR (1.7 fold, P < 0.05) and AlgC 
(1.4 fold, P < 0.05) that corroborates with the reduced growth under imipenem 
pressure compared to clinical isolates (SI Fig. 1, 2). Further focusing on other 
proteins within the alginate operon showed that AlgA and AlgF could only be 
detected in CI-I while AlgQ and AlgD showed no differences on protein level in all 
groups analyzed (data not shown). AlgP was significantly increased under tobramycin 
grown cultures compared to controls (1.8 fold, P < 0.05) and to cefepime and colistin 
grown cultures (P < 0.05; Fig. 3A). Transcript analyses showed that, although with 
high variance, AlgR and AlgC were increased under imipenem (7.4 fold, P= 0.086 and 
2.6 fold, P= 0.067 respectively; Fig. 3B). Analyses of other major regulator genes 
involved in biofilm formation showed increased mRNA expression of Pel and Psl 
under imipenem (27 fold, P < 0.05; 3.7 fold, P= 0.060 respectively; Fig. 3B). 
Interestingly, transcripts of AlgR and Pel were also highly expressed under 
tobramycin (6.9 fold, P < 0.001; 23.6 fold, P < 0.001; Fig. 3B). In addition, B-type 
flagellin protein expression was reduced by 1.5 fold (Fig. 3A; P = 0.08) under 
imipenem as well as under cefepime pressure (1.3 fold, P < 0.05). 

 

Figure 3. Induction of biofilm related proteins by imipenem. (A) Normalized data for 
AlgR, AlgC and b-type flagellin proteins are shown. Data is presented as normalized protein 
ratios over the normalizing control. Differential expression over all 4 strains was determined 
by independent t-test and data presented as average with standard deviation of the mean (SD) 
(*P < 0.05, **P < 0.01, ***P < 0.001). (B) Transcript analyses of AlgR, AlgC, Pel, Psl. Fold 
differences compared to non-antibiotic control cultures are shown as average with SEM (P < 
0.05, P < 0.001). 
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Type 6 secretion system is upregulated under imipenem pressure 
Imipenem induced protein expression of Hcp1 (2.3 fold, P < 0.05) and ClpV1 (Fig. 
4A; 1.6 fold, P = 0.07), the main structural proteins of H1-T6SS (Hachani et al., 
2016). This effect was observed within each strain as well as in combined analyses 
over all 4 strains (SI Fig. 3, 4). Transcript analyses confirmed the increased 
expression of Hcp1 and ClpV1 (7.9 fold and 6 fold respectively, P < 0.05, Fig. 4B). 
Additionally, we analyzed transcript levels of other main genes within H1-T6SS 
operon and showed that TssC1, a protein important for Hcp1 secretion and biofilm-
specific antibiotic resistance (Zhang et al., 2011) was increased under imipenem (3.6 
fold, P < 0.05, Fig. 4B). Vrg1, the tip of the puncturing mechanism of H1-T6SS 
(Hachani et al., 2016), was not significantly increased under imipenem but was 
drastically elevated by tobramycin (42 fold, P < 0.001). We next analyzed main 
structural proteins of other 2 T6SS clusters (H2 and H3-T6SS) and showed that Hcp2 
was drastically elevated by tobramycin (16 fold, P < 0.001). Surprisingly, Hcp3 was 
reduced by both imipenem and tobramycin (2.2 fold decreased for iminepem, P < 
0.01; 4.6 fold decreased for tobramycin, P < 0.001; Fig. 4B). 

 

Figure 4. T6SS is upregulated under imipenem pressure. (A) Normalized ratios for main 
T6SS protein, Hcp1 and ClpV1 over all 4 strains are shown as average with SD (independent 
t-test; *P < 0.05, ***P < 0.001). (B) Transcript analyses of Hcp1, Hcp2, Hcp3, ClpV1, Vrg1 
and TssC1. Fold differences compared to non-antibiotic control cultures are shown as average 
with SEM (P < 0.05, **P < 0.01, P < 0.001). 

Increased expression of branched amino acid enzymes and electron transfer 
proteins protein by tobramycin 
Tobramycin drastically increased protein expression of lipoamide acyltransferase 
component of branched-chain alpha-keto acid dehydrogenase complex (BkdB) 
compared to non antibiotic control cultures and other antibiotics (2.2 fold compared to 
non-antibiotic cultures, P < 0.01; Fig. 5A); an effect that was less pronounced for CI-I 
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(SI Fig. 5). Imipenem also slightly increased BkdB expression (1.3 fold compared to 
control, P < 0.001; 1.2 fold compared to cefepime, P < 0.05; 1.2 fold compared to 
colistin, P < 0.01; Fig. 5A). LpdV, a dihydrolipoyl dehydrogenase and part of the 
BCAA complex was overall increased in tobramycin (1.9 fold, P < 0.01 for controls; 
P < 0.05 for other antibiotics; Fig. 5A) as well as within each strain (P < 0.001; SI 
Fig. 5). Other proteins in branched amino acid metabolism pathway, MmsA and 
MmsB, were also increased by tobramycin (2.4 fold, P < 0.001 and 2.5 fold, P < 0.01 
respectively; Fig. 5A) as well as compared to other antibiotics (MmsA: P < 0.01 for 
imipenem, P < 0.001 for cefepime and colistin; MmsB: P < 0.05 for imipenem, P < 
0.01 for cefepime and colistin; Fig. 5A) again less pronounced for CI-I (SI Fig. 5). 
Transcript analyses for BkdB, MmsA and MmsB showed increased expression induced 
by tobramycin, although higher mRNA levels were observed under imipenem (Fig. 
5B). In addition, expression P. aeruginosa strains showed much more variable 
expression of BkdB, MmsA and MmsB at the transcript level (SI Fig. 6). 

BCAA metabolism is an important source of acetyl-CoA to enter the tricarboxylic 
acid (TCA) cycle leading increased generation of NADH. Importantly, antibiotics and 
aminoglycosides especially, have the ability to increase intracellular hydroxyl radicals 
by depletion of NADH due to increased respiration, leading to superoxide formation 
(Kohanski et al., 2007) and studies have shown that electron transport proteins are 
increased following bactericidal antibiotic exposure in E. coli causing radical 
mediated bacterial killing trough oxidative stress (Kohanski et al., 2007). 
Investigating electron transport chain (ECT) proteins showed that quinoproteins such 
as PA2953, cytochrome C4 and NADH-quinone oxidoreductase subunit I, were 
increased (2.3 fold, P < 0.05; 2.5 fold, P < 0.05; 2.0 fold, P < 0.05) compared to 
controls (data not shown). Additionally, SOD was highly increased under tobramycin 
pressure by 4.3 fold (P < 0.001 for controls and all antibiotics; data not shown) 
further indicating that, similar to E. coli, P. aeruginosa shows increased metabolism 
leading to increased oxidative stress following tobramycin exposure. 



Chapter 4 

 128 

 

Figure 5. BCAA proteins are increased by tobramycin. (A) Normalized protein ratios for 
PkdB, LpdV, MmsA and MmsB are shown as average with SD (independent t-test; *P < 
0.05, **P < 0.01, ***P < 0.001). (B) Transcript analyses of BkdB, MmsA and MmsB. Fold 
differences compared to non-antibiotic control cultures are shown as average with SEM (P < 
0.05, P < 0.01). 

This increased expression of BCAA enzymes could be explained by either the 
disturbance in reducing potential or as a mechanisms used by P. aeruginosa to modify 
tobramycin since acetylation of aminoglycosides is one of the main mechanisms by 
which P. aeruginosa induces adaptive resistance against this groups of antibiotics 
(Poole, 2005). Increased BCAA metabolism leads increased acetyl-Coa that can be 
used as a substrate for actetyltransferases (Magnet et al., 2003). Additionally, 
antibiotics and aminoglycosides especially, have the ability to increase intracellular 
hydroxyl radicals by depletion of NADH due to increased respiration, leading to 
superoxide formation (Kohanski et al., 2007). The increased BCAA metabolism can 
lead to increased citric acid cycle (TCA) function to regenerate the NADH pool, 
further increasing cellular respiration and subsequently superoxide formation. 
Microarray experiments have shown that electron transport proteins are increased 
following bactericidal antibiotic exposure in E. coli, responsible for the radical 
mediated bacterial killing trough oxidative stress (Kohanski et al., 2007). 
Investigating electron transport chain (ECT) proteins showed that quinoproteins such 
as PA2953, cytochrome C4 and NADH-quinone oxidoreductase subunit I, were 
increased (2.3 fold, P < 0.05; 2.5 fold, P < 0.05; 2.0 fold, P < 0.05) compared to 
controls. Additionally, SOD was highly increased under tobramycin pressure by 4.3 
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fold (P < 0.001 for controls and all antibiotics) indicating a strong response towards 
increased oxidative stress (Fig. 5). Further indicating that, similar to E. coli, P. 
aeruginosa shows increased metabolism leading to increased oxidative stress 
following tobramycin exposure. 

Secreted proteins under antibiotic pressure 

Analyses of proteins in secreted fractions showed that, similar to the lysate, Hcp1 was 
increased by imipenem (5.8 fold increased, P < 0.01; Fig. 6). Moreover, SOD was 
slightly increased in both tobramycin and imipenem cultures (4.2 fold, P = 0,08; 2.9 
fold, P = 0.09). In addition, imipenem reduced secretion of PvdA, (1.7 fold reduced 
over all strain, P < 0.05; Fig. 6) an ornithine-monooxygenase important in pyoverdin 
production. Pyoverdin is a siderophore used by P. aeruginosa to extract iron from the 
environment and showed to be essential for P. aeruginosa virulence (Imperi et al., 
2009; Meyer et al., 1996). Highest differentially secreted protein was the beta 
lactamase AmpC that was highly increased by imipenem (16 fold, P < 0.001; Fig. 6), 
however, cefepime did not induce AmpC secretion as shown previously (Tamma et 
al., 2013). Surprisingly, tobramycin also significantly increased AmpC secretion (3.9 
fold, P < 0.01; Fig. 6).  Previous studies showed that high concentration of 
tobramycin combined with cefepime slightly depressed AmpC expression in 
Pseudomonas (Drusano et al., 2012), however, our data indicates that subinhibitory 
concentrations seem to have the opposite effect. 
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Figure 6. Most abundantly secreted protein induces by different antibiotic classes. 
Normalized ratios for Hcp1, PvdA, AmpC and SOD are shown. Differentially expressed 
proteins within strains are determined by Mann-Whitney U-test, combined effect over all 4 
strains is determined by independent t-test (*P < 0.05, **P < 0.01, ***P < 0.001). 
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DISCUSSION 

In our analysis, subinhibitory concentrations of imipenem and tobramycin induced 
marked changes in the expressed and secreted proteins while cefepime and colistin 
did not alter the proteome drastically. Imipenem in particular seemed to induce 
proteins related with biofilm formation as shown previously (Bagge et al., 2004), as 
well as T6SS; both known virulence factors important in cystic fibrosis and hospital-
acquired pneumonias (Zhang et al., 2011). Imipenem induced expression of AlgR, an 
important sigma transcription factor in P. aeruginosa responsible for regulating 
cellular processes including AlgC production (Kato and Chakrabarty, 1991; Zielinski 
et al., 1992). AlgC is one of the most critical factors expressed during early biofilm 
formation (Davies and Geesey, 1995) and can exert both phosphomannomutase or 
phosphoglucomutase activity causing catalytic conversion of mannose-6-P and 
glucose-6-P into mannose-1-P and glucose-1-P respectively. As such, AlgC can 
function in the biosynthesis pathways of all main extracellular matrix components of 
P. aeruginosa and acts as a checkpoint enzyme for regulating biosynthesis of either 
Psl, alginate, LPS and Pel (Wei and Ma, 2013). Indeed, we observed increased 
transcript expression of AlgR, Pel and Psl that correlated with AlgC expression 
induced by imipenem. However, other beta-lactam antibiotics such as cefepime, a 4th 
generation cephalosporin, and other antibiotic classes used, did not induce expression 
of the Alg-operon. Apart from inducing biofilm formation, AlgR is involved in type 
IV pilus function and virulence (Lizewski et al., 2004). Moreover, AlgR mutants have 
shown decreased ability to sustain pneumonia in mouse models and are more rapidly 
cleared compared to wild type strains (Lizewski et al., 2002). Flagella are important 
extracellular appendages used by P. aeruginosa in swarming motility and flagellin 
protein was downregulated by imipenem, however, Pseudomonas is known to 
actively suppress flagellin type-B expression in biofilm (Whiteley et al., 2001) further 
indicating that imipenem induces biofilm formation pathways. Moreover, flagella are 
important inducers of human innate and adaptive immune responses (Lavoie et al., 
2011). Reduced expression of this protein therefore has the potential to attenuate host 
immune response against P. aeruginosa, resulting lowered bacterial killing (Wolfgang 
et al., 2004). 

T6SS is a recently discovered mechanism used by P. aeruginosa and other Gram-
negative organisms to inject effector molecules into targets cells. The structure 
resembles the bacteriophage T4 and all 3 described sub-types of T6SS (H1-H3) are 
linked with virulence (Leiman et al., 2009), however, H1-T6SS expression has been 
observed in mucus secretions cystic fibrosis patients that showed high levels of 
circulating antibodies against this protein (Mougous et al., 2006). We showed here 
that imipenem induced expression of H1-T6SS on the proteomic and transcriptomic 
level. Previous studies have shown that Hcp1 expression is essential for early stages 
in biofilm formation in P. aeruginosa (Southey-Pillig et al., 2005) and this fits well 
with the observed increased biofilm regulating genes also upregulated by imipenem. 
Additionally, T6SS in P. aeruginosa can be induced by kanamycin (Jones et al., 
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2013) and tobramycin resistance in biofilm is dependent on T6SS cytoplasmic tubular 
structure TssC1 (Zhang et al., 2011), however, we showed that Hcp1 was not 
increased by tobramycin. While all main protein of H1-T6SS operon were increased 
by imipenem, Hcp2 transcript levels were drastically elevated following tobramycin 
exposure and Hcp3 was downregulated under both imipenem and tobramycin 
conditions. H1-T6SS is believed to be involved in bacterial competition and mainly 
targets other bacteria and in downregulated by increased quorum sensing (Chen et al., 
2015). Reduced virulence and pathogenicity in knock out strains of Hcp1 is believed 
to be due to indirect action (Hachani et al., 2016). On the other hand, expression H2 
and H3-T6SS operon is increased by quorum sensing and believed to target both 
prokaryotic and eukaryotic cells (Chen et al., 2015). Specifically, Tse1-3 effector 
toxins can disregulate PI3K/Akt pathway in host cells leading to microtubule-
mediated bacterial internalisation (Jiang et al., 2014). Compared to other 2 T6SS 
operons, H3-T6SS seems to be modulated by PqsE (Farrow et al., 2008), an enzyme 
belonging to the Pseudomonas quinolone synthesis pathway (Wade et al., 2005) and 
additionally, the H3-T6SS operon lacks a serine/threonine kinase. Both proteins could 
be involved in the unique downregulation of Hcp3 by imipenem and tobramycin. 

Tobramycin induced a marked expression of enzymes involved in the TCA, 
specifically amino acid modifying proteins. P. aeruginosa resistance towards 
aminoglycosides is largely mediated by acetylating the compound acetyl-CoA as a 
donor resulting in inactivity (Magnet et al., 2003) and could explain the upregulated 
BCAA metabolism and TCA upregulation leading to increased acetyl-CoA and 
subsequently adaptive resistance development (Karlowsky et al., 1996; Poole, 2005). 
However, the high increase of SOD along with induced expression of other oxido-
reductases indicates that the increased BCAA and TCA metabolism could be a 
consequence of increased oxidative stress, a major mechanism by which antibiotics 
exert their bactericidal effect (Kohanski et al., 2007).  

It is important to address the variability observed in the secretome fraction. Although 
many different proteins were identified and the inter-experiment variation was around 
50%, the largest variation came from the quantification channels and explains the 
lower amount of significantly expressed proteins compared to the lysate fraction. 

This study indicates that at subinhibitory concentrations, bacteria respond in a unique 
manner towards different antibiotic classes by upregulating pathways involved in 
biofilm formation, T6SS expression and potential mechanisms to confer resistance 
against imipenem or tobramycin. Several other studies have shown that even non-
lethal sub MIC levels of antibiotics can select for resistance (Andersson and Hughes, 
2014; Baquero et al., 1998) and the mechanisms and pathways identified here could 
serve as strategic targets to prevent increased resistance development or could 
potentially be targeted for development of new antibacterial compounds. 
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SUPPLEMENTARY FIGURES AND TABLES 

 

 

SI Fig. 1. AlgR, AlgC and B-type flagellin protein ratios for each strain. Differentially 
expressed proteins within strains are determined by Mann-Whitney U-test (***P < 0.001). 
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SI Fig. 2. AlgC, AlgR, Pel and Psl transcript data of individual strains. Data is presented as 
average with SD. 
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SI Fig. 3. Hcp1 and ClpV1 protein ratios for each strain. Differentially expressed proteins 
within strains are determined by Mann-Whitney U-test (***P < 0.001). 
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SI Fig. 4. Hcp1, Hcp2, Hcp3, ClpV1, Vrg1 and TssC1 transcript data of individual strains. 
Data is presented as average with SD. 
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SI Fig. 5. BkdB, LpdV, MmsA and MmsB protein ratios for each strain. Differentially 
expressed proteins within strains are determined by Mann-Whitney U-test (***P < 0.001). 
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SI Fig. 6. BkdB, MmsA and MmsB transcript data of individual strains. Data is presented as 
average with SD.
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ABSTRACT 
Acute pneumonia caused by P. aeruginosa is a serious threat in intensive care settings 
all over the world. Especially patients receiving mechanical ventilation are at high 
risk of developing ventilator-associated pneumonia (VAP). Lack of early diagnostic 
markers leads to inappropriate empirical antibiotic therapy resulting in treatment 
failure and is linked with increased antibiotic resistance. Using classical shotgun 
proteomic approaches, we have identified unique P. aeruginosa related peptides in 
urine from P. aeruginosa infected VAP patients at different time points as well as in a 
rat pneumonia model, that were not observed in control samples. Moreover, we have 
developed an extensive peptide spectral library database created from in vitro grown 
clinical isolates as well as laboratory strains stressed with various antibiotics and 
applied spectral library matching on the recorded patient and rat urine spectra 
resulting in other P. aeruginosa peptides identified in these patient and rat urine 
samples. If validated, these targets could have the potential to serve as diagnostic 
markers of P. aeruginosa related VAP. 

Keywords: Ventilator-associated pneumonia (VAP); Biomarker; Mass Spectrometry; 
Shotgun Proteomics 
 
 



  Biomarker discovery 

147 

INTRODUCTION 
Acute pneumonia causes the greatest morbidity and mortality amongst all hospital-
acquired infections (Ware and Matthay, 2000). Especially patients receiving 
mechanical ventilation are at high risk of developing ventilator-associated pneumonia 
(VAP) with incidence rates as high as 40% making VAP the most common cause of 
hospital acquired infections in intensive care units (Bergen and Toney, 1998). 
Approximately 10–30% of the patients on mechanical ventilation will develop the so-
called ventilator-associated pneumonia (VAP) after 48 hours of being on mechanical 
ventilation (Joseph et al., 2010; Torres et al., 2010). Improved general management of 
ventilated patients have recently somewhat reduced VAP incidence; however, the 
mortality or morbidity associated with pneumonia/VAP has not decreased despite the 
introduction of several new antibiotics in the past (Mizgerd, 2006).  

VAP is generally caused by opportunistic pathogens that display high levels of 
antibiotic resistance (Park, 2005). Twenty four percent of all VAP cases are 
attributable to P. aeruginosa making it the most common cause followed by 
Staphylococcus (20%) and Enterobacteriaceae (16%) (Park, 2005). VAP due to P. 
aeruginosa is also associated with severe complications such as septic shock and 
multiple organ dysfunction with mortality rates of up to 50% (Bergen and Toney, 
1998). A major reason for the high mortality associated with VAP in general and with 
P. aeruginosa etiology in particular is treatment failure due to lack of early predictive 
markers of the disease as well as antibiotic resistance seen in these opportunistic 
pathogens (Cosgrove, 2006). Early diagnosis of the disease would allow for a more 
timely institution of antibiotics and could potentially reduce the broad-spectrum 
empirical combination therapy currently employed in intensive care units, that itself 
linked with increased antibiotic resistance in pathogenic organisms (Goossens et al., 
2005; Goossens and Little, 2006). 

Diagnosing VAP however is not straightforward as a gold standard is currently 
lacking. Current diagnostic criteria are mostly based on chest radiography, 
leukocytosis, fever and purulent tracheobronchial secretions (Koenig and Truwit, 
2006). Approximately one third of all VAP cases are missed due to misinterpretation 
of clinical criteria and only post mortem confirmed on autopsy, reaching a sensitivity 
of 69% and a specificity of 75% (Cook et al., 1998; Fabregas et al., 1999; Kalanuria 
et al., 2014; Klompas, 2007; Petersen et al., 1999). In patients suffering form ARDS, 
sensitivity of applied clinical criteria is even lowered due to difficulty in detecting 
new infiltrates on chest radiography (Koenig and Truwit, 2006). Apart from a unique 
biomarker related to specific bacterial infection, a general conclusive marker to 
differentiate the onset of VAP from other underlying conditions irrespective of the 
etiology would be a valuable tool for clinicians in the ICU. 

Many biomarkers have previously been proposed as potential valuable tools for 
diagnosing VAP. Most notable are pro-calcitonin and c-reactive protein, both general 
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markers of an acute phase response that have shown to be unreliable when measured 
in BAL or blood (Bloos et al., 2011; Jung et al., 2010; Pelosi et al., 2008; Ramirez et 
al., 2008). Soluble triggering receptor expressed on myeloid cells (sTREM-1) 
measured in BAL initially showed promising results with high sensitivity (98%) and 
specificity (90%) for VAP, however, independent studies performed by other groups 
could not reproduce these results (Anand et al., 2009; Determann et al., 2005; 
Oudhuis et al., 2009). Other markers measured in BAL such as pancreatic stone 
protein (Boeck et al., 2011), clara cell protein 10 (Vanspauwen et al., 2011) and 
plasminogen activator inhibitor (Srinivasan et al., 2011) and markers in blood such as 
midregional pro-atrial natriuretic peptide (Boeck et al., 2011) and copeptin (Seligman 
et al., 2008) have proven to be insufficient for guiding patient therapy. 

The human urinary proteome constitutes more than 1500 potential proteins in healthy 
individuals (Adachi et al., 2006; Marimuthu et al., 2011) and provides an easy 
accessible bodily fluid with a matrix that is less complex than blood/plasma and has 
the ability to display differential proteins depending on a specific pathogenic 
condition. Shotgun mass spectrometry allows us to identify and quantify proteins in 
urine to find unique markers linked with a specific pathology. Cancer research has 
benefitted mostly from this technology (Davalieva and Polenakovic, 2015; Kumar et 
al., 2015; Pan et al., 2015) and other fields of research are following including renal 
dysfunction (Alkhalaf et al., 2010; Kalantari et al., 2015; Rao et al., 2007) and even 
infectious diseases such as sepsis (Su et al., 2013). Focussing on urine protein 
biomarkers for pulmonary infection, one study identified a total of 524 proteins in 
urine from tuberculosis (TB) patients of which 10 could serve as potential markers 
discriminating active TB from latent TB patients and uninfected control individuals 
(Young et al., 2014). Moreover, detection of bacterial antigen in urine to diagnose 
pneumonia is currently being used for S. pneumoniae and L. pneumophila C 
infections (Kollef et al., 2006; Statt et al., 2015). In both cases, these bacterial derived 
peptides analyzed are quantified using immunoassays.  

The aim of this study was to investigate the urinary proteome in patients suffering 
from P. aeruginosa caused VAP using different mass spectrometric approaches 
including gel and gel-free as well as different identification strategies, to identify 
potential bacterial peptides or host surrogate protein markers that could serve as 
biomarkers for P. aeruginosa VAP. In addition, a rat model of P. aeruginosa 
pneumonia was used and urine samples analyzed to supplement the patient samples.
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METHODS 

Patient selection criteria and urine collection 

Study was approved by the ethics committee of the University Hospital Antwerp and 
informed consent was obtained from all patients enrolled in the study. VAP patients 
admitted at the intensive care unit of the university hospital of Antwerp between 
09/2012 and 12/2013 were prospectively sampled and included in the study when the 
expected need for mechanical ventilation is more then 48 hours and patients were 18 
years or older. Patients were excluded from the study when pneumonia or urinary 
tract infection was diagnosed on admission time, patients were pregnant or 
neutropenic, had gastric or oesophageal surgery, received selective digestive 
decontamination within the last 2 week upon admission. Patients enrolled in the study 
were sampled at the moment mechanical ventilation was started (MV0), 48 h after 
start-up of mechanical ventilation (MV2), the moment VAP was diagnosed (VAP0), 
48 h after VAP diagnosis (VAP2), 7 days after VAP diagnosis (VAP7) and the 
moment mechanical ventilation was stopped (MV-end)(Fig. 1). Patients that were 
enrolled in the study, received mechanical ventilation, but did not develop VAP were 
used as control samples. At the time of sampling, the patient urine bag is replaced 
with a new one. Urine was collected for a maximum period of 4h or until 100 ml of 
urine is collected. Two 50 ml aliquots or whatever urine is collected after 4h is frozen 
at -20°C. Within 24h, the frozen urine is collected and transported to the research lab 
and frozen at -80°C until processed. Additionally, healthy control individuals (n=4) 
ages between 25 and 40y old, 2 male and 2 female, were included in the study. Patient 
family members were fully informed of the study and informed consent forms were 
signed.  

 

Figure 1. Overview patient sampling strategy 

Urine sample processing 
Urine aliquots were defrosted and centrifuged at 2000 x g for 10 min at 4 °C for 
removal of cell debris. Supernatants were filtered using 3 kDa filter (Amicon 
centrifugal filter unit; Millipore) centrifuged at 4000 x g for 45 min at 4°C. The 
retentate was aliquoted and subsequently stored at -80°C until further processing. 
Protein concentration was determined using BCA assay (Pierce) according to 
vendors’ protocol. 
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P. aeruginosa pneumonia animal model 
Adult male Wistar rats (Crl:Wi, Charles River) were utilized (n=12). Animals were 
given food and water ad libitum. Inoculated animals were housed separately in 
individually ventilated cages equipped with HEPA filters. Ethical approval was 
obtained from the university ethical board. Animals were inoculated using P. 
aeruginosa embedded in agar beads that cause slower disease progression compared 
to direct inoculation, resulting in more sampling time-points. Agar beads were 
prepared following a previously published protocol with minor modifications 
(Growcott et al., 2011). Briefly, select colonies from overnight culture of P. 
aeruginosa ATCC 27853 were diluted with 30 mL sterile PBS until 0.3 O.D at 600 
nm. Culture was washed and the pellet re-suspended in 4 mL sterile PBS. One mL of 
bacterial suspension was added to 10 mL of sterile 2% agar at exactly 52°C, added to 
15 mL heavy mineral oil at 52°C supplemented with 0.02% sorbitan monooleate 
followed by mixing. Beads were centrifuged at 10,000 x g at 4°C, extensively washed 
with sterile PBS and filtered using a 200 µm nylon mesh. Sterile beads were prepared 
using sterile saline. Five hundred µL of beads suspension was used per animal, 
corresponding to 2E7 CFU. Each bead solution was plated on blood-agar plates and 
incubated overnight at 37°C for inoculum validation. Rats were monitored 3 times per 
day (8h; 12h; and 17h). Urine was collected multiple times every day with aid of a 
metabolic cage. Rats that have a severe pneumonia tend to eat and drink less as such 
they are less likely to produce urine. Multiple times per day sampling for urine allows 
at least 1 sampling to be successful, urine from each day was pooled. Sampling 
continued for 3 days after which the animals were euthanized. 

Bacterial culture for spectral library creation 

BAL isolates (CI-I and CI-II) from VAP patients as well as PAO1 and ATCC 27853 
strains were used. Cultures were grown overnight on Columbia Base II blood agar 
plates (BD), 0.5McFarland bacterial solutions are made with MEM supplemented 
with 25 mM HEPES and 1x Glutamax (Gibco). Cultures were 1:10 diluted with 
supplemented medium and grown for 5 hours at 37°C with constant shaking. To 
increase protein coverage in the library, cultures were grown under antibiotic stress 
including imipenem, cefepime, colistin and tobramycin at ¼ of the MIC for each 
strain in addition to non-antibiotic grown cultures. Antibiotic concentrations were as 
follows; imipenem: ATCC 27853 1 µg/mL, PA01 0.5 µg/mL, CI-I 0.25 µg/mL, CI-II 
0.5 µg/mL; cefepime: ATCC 27853 0.75 µg/mL, PA01 0.25 µg/mL, CI-I 0.375 
µg/mL, CI-II 1.5 µg/mL; colistin: ATCC 27853 0.125 µg/mL, PA01 0.125 µg/mL, 
CI-I 0.25 µg/mL, CI-II 0.512 µg/mL; tobramycin: ATCC 27853 0.1875 mg/mL, PA01 
0.1875 mg/mL, CI-I 0.1875 mg/mL, CI-II 0.1875 mg/mL. All experiments were 
repeated in independent triplicates. After incubation, cells were pelleted at 3200 x g 
for 15 min at 4 °C. Secretomes were 0 transferred into new tubes, cell debris was 
removed by centrifugation at 10 000 x g for 10 min at 4°C and filtration using 0,22 
µm filter and 2x HALT protease and phosphatase inhibitor (Pierce, Thermo) was 
added. Secretomes were frozen at -80°C until proteins digestion. Cell pellets are 
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washed with sterile saline and transferred into lo-bind ebbs. Pellets were weighted. 
500 µL of RIPA buffer (Pierce, Thermo) containing 2x halt protease and phosphatase 
inhibitor was added and samples frozen at -80°C. 

SDS-PAGE and in-gel protein digestion 

2.5 µl of NuPAGE reducing agent, 6.25 µl of LDS sample buffer was added 16.5 µl 
of urine and heated for 10 min at 70°C. Total volume was loaded on NuPAGE novex 
Bis-Tris 4-12% gels. MagicMark XP protein standard (Life technologies) was used as 
ladder. Electrophoresis was performed according to manufactures protocol. Briefly, 
running conditions were set at a constant voltage of 200 V for 45 min. Protein bands 
were stained with Coomassie Brilliant Blue R (Sigma) and 20 fractions per gel lane 
were fractionated and stored at -80°C until in-gel digestion and peptide extraction. 
Gel plugs were washed 6 times with 95% acetonitrile and UPLC-grade water 
followed by reduction at 56°C of 45 min. using 6.66 mM of DTT in 50 mM 
ammuniumbicarbonate buffer. Gel plugs were washed twice and alkylation was 
performed at RT for 30 min in the dark using 55 mM IAM in 50 mM 
ammuniumbicarbonate buffer. After alkylation, gel plugs were washed twice and 
proteins in-gel digested at 37°C for 18h using Trypsin gold (Promega). After 
digestion, peptides were desalted and extracted using C18 ZipTips (Millipore). 
Peptides were eluted using 95% acetonitrile in low protein binding microcentrifuge 
tubes (Eppendorf) and samples dried using Speedvac. Peptides were reconstituted in 
mobile phase A buffer containing 2% acetonitrile and 0.1% formic acid and spiked 
with 20 fmol Glu-1-fibrinopeptide B (Glu-fib, protea biosciences). 

In-solution protein digestion 
Briefly, 100 µg protein sample was taken and 100 mM TEAB was added. Samples 
were reduced with 200 mM TCEP at 55°C for 1h and alkylated with 375 mM 
iodoacetamide at room temperature for 30 min. Proteins were precipitated with 6x ice 
cold acetone overnight (-20°C). Proteins were pelleted at 8000 x g for 10 min at 4°C. 
Pellets were resuspended in 100 mM TEAB and proteins were digested overnight 
with 0.5 µg modified trypsin (Pierce, Thermo). Solvents were removed by speedvac; 
samples reconstituted to 0.9 µg/uL peptide concentration in 100 mm TEAB for LC-
MS/MS analyses.  

TMT multiplex protein labeling 

Tryptic peptides were labeled with TMT-six-plex Isobaric Mass Tagging kit (Pierce, 
Thermo). Label swaps were performed randomly and all experiments performed in 
duplicates. Label reagents were reconstituted in anhydrous acetonitrile and added to 
the peptides samples. Samples were incubated for 1 hour at room temperature and the 
reaction quenched with 5% hydroxylamine. Solvents were removed by speedvac; 
samples reconstituted to 0.9 µg/uL peptide concentration in 100 mM TEAB and 
pooled according to the labels.  
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LC-MS/MS analyses  
All peptide mixtures extracted from gel were separated by reverse phase 
chromatography on an Eksigent nano-UPLC system using an acclaim C18 column 
(Thermo Scientific, 75 µm x 15 mm, 3 µm). For the gel fractionated samples, a linear 
gradient of mobile phase B (0.1% formic acid in 98% acetonitrile) in mobile phase A 
(0.1% formic acid in 2% acetonitrile) from 25 to 35% in 50 min followed by a steep 
increase to 95% mobile phase B in 2 min was used at a flow rate of 350 nl/min. 
Bacterial proteins for spectral library creation were separated for twice the duration of 
time and TMT labeled patients samples 4 times longer to increase coverage. The 
nano-LC was coupled online with the mass spectrometer with the use of the Triversa 
NanoMate nano-ESI source with LC-coupler (Advion). The LTQ Orbitrap Velos 
(Thermo Scientific, San Jose, CA, USA) was set up in a MS/MS mode where a full 
scan spectrum (350 – 5000 m/z, resolution 60 000) was followed by a maximum of 20 
dual Collision induced dissociation (CID) tandem mass spectra (100 to 2000 m/z). 
Peptide ions were selected as the 20 most intense peaks of the MS1 scan. CID scans 
were acquired in the LTQ ion-trap part of the mass spectrometer. The normalized 
collision energy used was 35% in CID and 45% in the three first events of HCD, 55% 
in the last two. A dynamic exclusion list of 30 sec. was applied.  

TMT labeled samples were analyzed on both LTQ-Orbitrap Velos and Q-Exactive 
mass spectrometric platforms (Thermo Fischer Scientific). Briefly, LC-MS/MS was 
performed on Eksigent nanoLC-Ultra system connected to LTQ Orbitrap Velos. Ten 
µl of the sample was loaded on the trapping columns (Pepmap C18 300 µm x 20 mm, 
Dionex) with an isocratic flow of 2% Acetonitrile in water with 0.1% formic acid at a 
flow rate of 5 µl/min. After 2 min, the column-switching valve was switched, placing 
the pre-column online with the analytical capillary column, a Pepmap C18, 3 µm 75 
µm x 150 mm nano column (Dionex). Separation was conducted using a linear 
gradient from 2% acetonitril in water, 0.1% formic acid to 40% acetonitrile in water, 
0.1% formic acid in 225 minutes. The flow rate was set at 350 nl/min.  Both a CID 
scan for identification (AGC target value 1 × 10E4, maximum inject time 400 ms, 
minimum signal threshold 500 counts) and a HCD scan for quantification (AGC 
target value 3 × 10E5, maximum inject time 500 ms, minimum signal threshold 500 
counts) were acquired for each selected precursor (monoisotopic precursor selection 
on, rejection of singly charged ions). For Q-Exactive platform, 2.5 µl of each peptide 
mixture was introduced into an LC−MS/MS system through an Ultimate 3000 RSLC 
nano LC in-line connected to a Q-Exactive mass spectrometer. The sample mixture 
was first loaded on a trapping column (made in-house, 100 µm internal diameter 
(I.D.) × 20 mm, 5 µm beads C18 Reprosil-HD, Dr. Maisch). After flushing from the 
trapping column, the sample was loaded on an analytical column (made in-house, 75 
µm I.D. × 150 mm, 5 µm beads C18 Reprosil-HD, Dr. Maisch). Peptides were loaded 
with loading solvent (0.1% TFA in water/acetonitrile, 2/98 (v/v)) and separated with a 
linear gradient from 98% solvent A (0.1% formic acid in water) to 55% solvent B 
(0.1% formic acid in water/acetonitrile, 20/80 (v/v)) applied over 235 min at a flow 
rate of 300 nL/min. This was followed by a 5 min wash reaching 99% solvent B. Two 
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packing columns and two analytical columns were configured in tandem LC mode 
and switching between the two flow paths, the analysis flow path and the regeneration 
flow path, allowed for column washing and re-equilibration off-line. The mass 
spectrometer was operated in data-dependent, positive ionization mode, automatically 
switching between MS and MS/MS acquisition for the 20 most abundant peaks in a 
given MS spectrum. The source voltage was 3 kV, and the capillary temperature was 
275°C. One MS1 scan (m/z 400−2000, AGC target 3 × 106 ions, maximum ion 
injection time 80 ms) acquired at a resolution of 70,000 (at 200 m/z) was followed by 
up to 20 tandem MS scans (resolution 17,500 at 200 m/z) of the most intense ions 
fulfilling predefined selection criteria (AGC target 2 × 105 ion , maximum ion 
injection time 60 ms, isolation window 1.6 Da, fixed first mass 120 m/z, spectrum 
data type: centroid, underfill ratio 2%, intensity threshold 6.7xE4,  exclusion of 
unassigned, 1, 5-8, >8  charged precursors,  peptide match preferred, exclude isotopes 
on, dynamic exclusion time 15 s). The HCD collision energy was set to 30% 
Normalized Collision Energy and the polydimethylcyclosiloxane background ion at 
445.120025 Da was used for internal calibration. 

Database and protein identification strategy 
Protein identifications are performed on the recorder spectra using the 
ProteomeDiscoverer V1.3 software (Thermo Scientific) by which proteins were 
identified using both Mascot en Sequest algorithms with build in PhospoR to find 
phosphorylated amino acids and allowing 1 missed cleavage of trypsin. Additionally, 
Peaks de-novo sequencing algorithm (Bioinfor.) using Peaks DB was used for protein 
identifications. Databases used were “combined human-all-reviewed-proteins” and 
“all-P. aeruginosa-annotated” FASTA sequences for patient urine samples and P. 
aeruginosa-reviewed FASTA sequences for bacterial samples, both exported from 
Uniprot/Swissprot databases. Analyses for host proteins were performed using “IPI-
human v3.47” database. False discovery rate is determined with build in target decoy 
database strategy, setting the false discovery rate at 1% and only allowing peptides 
from the first rank. For analyses of gel-prefractionated samples, identifications on 
each separate LC/MS/MS were performed individually after which a multi-consensus 
report is produced from the combined 20 sub-samples. 

Spectral library matching 

To create the spectral libraries, all raw files were analyzed using ProteomeDiscoverer 
2.0 (Thermo). P. aeruginosa MS2 spectra were identified using Sequest HT with all 
annotated P. aeruginosa FASTA sequences filtered from Uniprot used as a database. 
MS2 spectra were exported as mzML files and peptide confidence was estimated 
using Percolator tool from ProteomeDiscoverer. Data files were exported as .pep.xml 
files. mzML files were converted to mzXML files using Proteowizard tool and 
.pep.xml files were modified with Notepad++ to enable reading by SpectraST 4.0. 
Each .pep.xml and corresponding mzXML file were converted to a spectral library by 
SpectraST with modified usermods to enable reading TMT labels. All spectral 
libraries form either the TMT labeled or the unlabeled experiments were compiled 
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into 2 distinct consensus spectral libraries. Spectral library searching was performed 
on ProteomeDiscoverer 2.0 using SpectraST4.0 as search node (Fig. 2). 

 

Figure 2. Overview of used mass spectrometric approaches  
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RESULTS  

Patient inclusion 

Patient enrolment was applied during the period of September 2012 and December 
2013. A total of 96 patients were eligible for the study and prospectively sampled. 
From the 96 inclusions 72 patients completed the study. Among this cohort, VAP 
incidence was 18% (n=13). Patients with Candida albicans etiology (n=3) and kidney 
problems (n=2) were further excluded. BAL etiology in VAP patients was P. 
aeruginosa (n=2), S. epidermidis (n=2), S. marcescens (n=1), S. aureus (n=1), E. coli 
(n=1) and one patient had sterile BAL but S. epidermidis was the predominant 
organism in the endotracheal aspirate taken at the time point of VAP diagnosis. As 
control groups, 16 patients that were enrolled in the study, received mechanical 
ventilation but did not develop VAP were divided among 4 groups: those that 
received mechanical ventilation for a duration between 2 and 6 days (average=4, SD 
=1.2; n=7); those that received MV for a duration between 7 and 10 days (average =9, 
SD=0.9; n=3); those that received MV for a duration between 11 and 14 days 
(average=12.5, SD=0.9; n=4) and 2 patients that received MV for longer than 13 days 
(n=2, 16 and 26 days of MV). Average age of 57.4  ± 10.8y (p-value of 0.375), 
APACHE II score of 21.5  ± 8.1 (p-value of 0.289) and length of hospitalization of 
21.9  ± 10.9d (p-value of 0.519) did not differ between VAP and control groups. In 
both groups, gender population was 50%-50%. Stroke was the most common cause of 
admission in the VAP group and cardiac arrest in the control group. 

Two patients with monoculture of P. aeruginosa in BAL were selected for further 
analyses. Urine samples at MV0, start of mechanical ventilation; MV2, 2days after 
mechanical ventilation and during VAP episode: VAP0 time-point of VAP diagnosis; 
VAP2 2 days after diagnosis; were utilized. To achieve maximum coverage, Samples 
were separated on SDS-PAGE in duplicates, in-gel digestion was performed an each 
fraction individually analyzed on LC-MS/MS. Additionally, 4 patients receiving MV 
for the same duration as our VAP cases (4d +/-1d; 11d +/-1d) but did not develop 
VAP pathogenesis were used as mechanical ventilation controls combined with 2 
male and 2 female healthy control urine samples. Potential bacterial proteins 
identified control samples were combined in a false positive database. 

To complement the patient data, urine samples form a rat-pneumonia model using 
ATCC-27853 strain as etiology was analysed as well. Three pooled urine samples 
(Rat-Pa group1, n=3; Rat-Pa group2, n=4; Rat-Pa group 3, n=4) were analysed on 20 
sub-fractions for each sample. For Rat-Pa group 2, all 20 sub-fractions were analysed 
separately. For Rat-Pa group 1 and 3, 20 gel pieces that underwent in gel digestion 
were combined into 10 samples. In total 40 LC-MS/MS analyses were performed on 
Rat-Pa urine samples. 
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Potential P. aeruginosa proteins identified using classical shotgun proteomics 
In total 155 unique P. aeruginosa proteins were identified in VAP-Pa urine samples at 
the post-infection time point. From this list 10 proteins were identified independently 
in 2 or more analyses (protein accession numbers and peptide sequences available on 
request). No protein was seen in all VAP-Pa analysis at the post-infection time points. 
From these 10 proteins, 5 were absent in the VAP-Pa pre-infection time points (MV0 
tp and MV2 tp) as well as absent in the 4 MV-control and 4 healthy control samples, 
protein accession number available on request. In the Rat-Pa urine samples, total 103 
unique P. aeruginosa proteins were identified (protein accession numbers and peptide 
sequences available on request). From this list, 1 protein was identified independently 
in all 3 samples and 3 proteins were independently identified in 2 analysis (protein 
accession numbers and peptide sequences available on request). Comparing VAP-Pa 
post-infection time points with Rat-Pa targets, 4 proteins were commonly identified. 

Potential P. aeruginosa proteins identified using de novo sequencing 
On the same MS/MS data set resulting from SDS-PAGE followed by LC-MS/MS, de 
novo sequencing was applied using Peaks De Novo Sequencing algorithm (Bioinfor.). 
The difference with traditional database matching algorithms such as Mascot and 
Sequest is that FASTA sequence databases are not digested and fragmented in silico 
yielding in silico generated MS2 spectra that are compared with the observed MS2 
spectra. De novo sequencing starts form the observed MS2 spectra and computes an 
amino acid sequences that is searched in a database. Utilizing de novo sequencing, a 
total of 103 potential P. aeruginosa related proteins/peptides were identified in VAP-
Pa urine samples. However, no protein was identified 2 times or more in independent 
experiments. 

Comparing the total list of identified protein in VAP-Pa samples using classical 
proteomics strategies with de novo sequencing, 3 P. aeruginosa related proteins were 
identified using both methods (protein accession numbers and peptide sequences 
available on request). 

Potential P. aeruginosa proteins identified using spectral library matching 

In total 132 unique P. aeruginosa proteins were identified in VAP-Pa urine samples at 
the post-infection time point. From this list 50 proteins were identified independently 
in 2 or more analyses (protein accession numbers and peptide sequences available on 
request). Three Proteins were seen in all VAP-Pa analysis at the post-infection time 
points although also present in control samples (VAP-PA MV0 tp, VAP-Pa MV2 tp, 
MV control samples and healthy control samples). Six proteins were independently 
identified 2 or more times in VAP-Pa post infection time points and absent on control 
samples (protein accession numbers and peptide sequences available on request). One 
protein was seen in both patient at both time points and in Rat-Pa group 1 and was 
absent in all the control urine samples (protein accession number and peptide 
sequence available on request). Additionally, 4 distinct peptides were seen, although 
not in the same patient. One peptide sequence (available on request) was identified in 
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both patients and in 1 rat sample whilst the other 3 peptides were seen only once in 
one patient. In the Rat-Pa urine samples, a total of 63 unique P. aeruginosa proteins 
were identified. From this list, 3 proteins were identified independently in all 3 
samples but were also present in human control samples. Comparing VAP-Pa post-
infection time points with Rat-Pa targets, 16 proteins were commonly identified. 

Comparing traditional FASTA sequence database matching algorithms with spectral 
library matching revealed that there was no overlap between both methods in P. 
aeruginosa related peptides in VAP patients.  

Host proteins in patient urine samples associated with P. aeruginosa VAP 
Urine samples of P. aeruginosa related VAP pathogenesis were compared to patients 
with other VAP etiology at the moment of diagnosis of VAP (VAP 0 time point) and 
two days later (VAP 2 time point). Other VAP etiologies include S. epidermidis 
(n=3), E. coli (n=1), S. marcescens (n=1) and S. aureus (n=1). In all TMT 
experiments a sample of pooled healthy controls (HCP) was included as an internal 
control. All experiments were performed in duplicates using label swaps and analyzed 
both on LTQ-Orbitrap Velos and Q-Exactive mass spectrometric platforms. Each 
pooling strategy included 1 HCP control and 2 P. aeruginosa urine samples combined 
with 3 other etiologies randomly selected. Pooling was performed per time point 
separately. Proteins were selected if they were quantified in both P. aeruginosa 
patient samples by either MS platform used. Proteins in samples were normalized for 
internal added control and significant differences in protein ratios determined using t-
test at P-value ≤ 0.05. In total, 36 proteins were significantly increased or decreased 
in both P. aeruginosa VAP patients compared to other etiologies (Table 1). Total of 
16 targets were identified using both mass spectrometric platforms. 
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Table 1. Potential host protein urine markers related with P. aeruginosa VAP 

Identified proteins Fold P-value < Time point MS platform 

24 kDa protein 32; 2.4 0.01; 0.05 VAP 0 LTQ; Q-Ex 
Alpha-1-acid glycoprotein 2 1.5 0.05 VAP 2 Q-Ex 
Apolipoprotein A-I 3; 2.6 0.001; 0.01 VAP 2 LTQ; Q-Ex 
Beta-2-glycoprotein 1 2.1 0.01; 0.05 VAP  0 LTQ; Q-Ex 
cDNA FLJ58826, highly similar to 
Plasma protease C1 inhibitor 

3.4 0.01 VAP 0 LTQ 

Complement C3 (Fragment) 2.9 0.01 VAP 2 Q-Ex 
Corticosteroid-binding globulin 1.6; 1.8 0.05; 0.01 VAP 2 LTQ; Q-Ex 
Dermatopontin 0.3 - 0.5 0.05; 0.01 VAP 0 - 2 LTQ; Q-Ex 
Glutathione peroxidase 3 3.1 0.05 VAP 0 LTQ 
Haptoglobin 3 - 4.7 0.05; 0.01 VAP 0 - 2 LTQ; Q-Ex 
Hbbm fused globin protein 16.2; 15.4 0.01; 0.05 VAP 2 Q-Ex 
Hemoglobin subunit alpha 4.4; 3.6 0.01 VAP 2 Q-Ex 
Hemoglobin subunit beta 17.4; 17.6 0.01 VAP 2 Q-Ex 
Hemopexin 1.6 - 1.9 0.05 VAP 0 - 2 LTQ; Q-Ex 
IGK@ protein_1 1.87 0.01 VAP 0 LTQ 
IGK@ protein_1 1.8; 1.5 0.01; 0.05 VAP 0 LTQ; Q-Ex 
Isoform 1 of Vascular cell adhesion 
protein 1 

1.5; 1.4 0.01; 0.05 VAP 2 LTQ; Q-Ex 

Isoform A of osteopontin 0.5 0.05 VAP 2 LTQ 
Keratin type I cytoskeletal 10 0.3 0.05 VAP 2 LTQ; Q-Ex 
Keratin type II cytoskeletal 1 0.2 0.05 VAP 2 LTQ 
Keratin type II cytoskeletal 2 
epidermal 

0.5; 0.6 0.05; 0.01 VAP 2 LTQ; Q-Ex 

LPS-binding protein 3.2 0.01 VAP 0 Q-Ex 
Lithostatin-1-alpha 2.4 0.05 VAP 0 LTQ 
Lumican 3.5; 1.7 0.01; 0.05 VAP 0 LTQ; Q-Ex 
Lymphatic vessel endothelial 
hyaluronic acid receptor 1 

1.7 0.05 VAP 2 LTQ 

Myosin-reactive immunoglobulin 
light chain variable region 

1.9 0.05 VAP 0 Q-Ex 

Peroxiredoxin-2 4.1; 3.7 0.01 VAP 2 LTQ; Q-Ex 
Pigment epithelium-derived factor 4.2 0.05 VAP 0 LTQ 
PNAS-29 1.9 0.05 VAP 0 Q-Ex 
Protease serine 2 isoform B 2.6 0.05 VAP 0 LTQ 
Putative uncharacterized protein_2 1.8 0.01 VAP 0 LTQ 
Putative uncharacterized protein 2.2 0.05 VAP 0 LTQ 
Ribonuclease pancreatic 2.9; 1.8 0.001; 0.01 VAP 0 LTQ; Q-Ex 
Ribonuclease T2 2.5; 3.9 0.001; 0.05 VAP 0 LTQ; Q-Ex 
Serum amyloid A protein 2.0 0.05 VAP 0 LTQ 
Uncharacterized protein 1.3 - 1.7 0.05; 0.001 VAP 0 - 2 LTQ; Q-Ex 

Fold, differential protein expression versus non-P. aeruginosa VAP patients in urine. P- value 
is determined using t-test. Q-Ex: Q-Exactive; LTQ, linear ion trap quadrupole. VAP 0 and 
VAP 2 indicate time point of analyses respective towards VAP diagnosis.
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DISCUSSION 

The identification of unique peptides or proteins of bacterial origin that are normally 
not present in bodily fluids but can be detected during episodes of specific infections 
provide a more clear distinction between patients that are either infected/colonized 
and those that are not. As such, these markers have the potential to be of higher 
diagnostic discriminating factor compared to surrogate host markers that are not 
directly linked with disease pathogenesis or bacterial infection but can be detected in 
higher concentrations in bodily fluids during infection. Focusing on urine, community 
acquired pneumonia can be diagnosed by detecting bacterial antigens (Kollef et al., 
2006; Statt et al., 2015) indicating that bacterial molecules can be secreted in urine 
during pulmonary infection. Early diagnosis during hospital-acquired pneumonia is of 
high importance to not only guide appropriate patient therapy but at the same time 
decreasing antibiotic resistance by using narrow-spectrum antibiotics targeted towards 
the identified etiology.  

Shotgun proteomics approaches provide an ideal platform to analyze unknown 
proteins in any given sample, especially with the recent development of high-
resolution mass analyzers such as QTOF and Orbitrap spectrometers that combine 
analyses speed with accuracy. However, the identification of recorded MS2 spectra is 
not straightforward. Most frequently used identification algorithms rely on matching 
observed spectra with in silico generated spectra or de novo sequencing of the peptide 
backbone from y and b ions (Bruce et al., 2013; Elias et al., 2005; Zhang et al., 2012). 
Problems arise when identifying unique bacterial targets in a large pool of host 
proteins as the recorded spectra can be matched with either the bacterial or the human 
FASTA sequences resulting in false positive identifications. Resulting peptides are 
matched with a given database to identify the corresponding protein. Spectral library 
matching utilizes a different approach to identify unknown spectra whereby known 
recorded spectra are compiled into a spectral library database used for matching the 
unknown spectra in a process similar to selective reaction monitoring (Lam, 2011; 
Wang and Bandeira, 2013). We showed that using spectral library matching, our list 
of potential candidates increased as well as the overlap between the different 
infectious time points. Moreover a substantial amount of proteins were identified both 
at the infectious time points as well as in the control samples. Different compared to 
classical proteomic approaches where these targets are more likely false positive, 
bacterial targets commonly identified in both infectious and non-infected patient 
samples are due to peptide sequences that have conserved regions between both the 
bacterium and the host causing identification in control samples as well. In that 
respect, unique targets identified from peptide spectral matching approaches and 
absent in control samples would serve as ideal candidates for future validations. 

Another limitation in identifying unique bacterial peptides in urine samples is caused 
by ion suppression, the presence of other molecules interfering with identification in 
MS2 spectra and more importantly, the lowered potential of being selected for 
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fragmentation due to presence of other more abundant proteins/peptides (Antignac et 
al., 2005). In traditional data-dependent acquisition modes, the application of a 
dynamic exclusion acquisition parameter and multidimensional LC can increase the 
likelihood of detecting low abundant proteins (Sajic et al., 2015). However, this leads 
to reduced reproducibility between different experiments (Sajic et al., 2015). Data-
independent acquisition (DIA) proteomic methods have been developed where all 
precursor ions under a given LC-peak are selected for fragmentation such as 
SWATH-MS (sequential window acquisition of all theoretical mass spectra) (Gillet et 
al., 2012), however the increased the complexity of the MS2 data still hampers peptide 
sequence identification. 

Although our patient sampling did not yield more P. aeruginosa caused VAP with 
monocultures in BAL, we have tried to circumvent this issue by including extensive 
control patients, as well as analyzing the VAP patients baseline control urine samples, 
MV0 and MV2 and animal model of P. aeruginosa pneumonia as well. Nonetheless, 
the potential P. aeruginosa targets and host surrogate markers identified here need to 
be further validated for (i) unique sequence for P. aeruginosa and (ii) presence among 
other P. aeruginosa infected VAP patients. However, we believe strongly that the 
targets identified in this study could serve as potential candidates for future research 
towards developing diagnostic test against P. aeruginosa pneumonia. Additionally, 
host proteins identified here along with the bacterial peptides could serve as surrogate 
markers for either P. aeruginosa related VAP or VAP in general and are in need of 
further investigation.  
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Nosocomial pneumonia is amongst the leading causes of mortality and morbidity in 
hospital settings with P. aeruginosa as one of the most important etiologies. 
Especially patients receiving mechanical ventilation (MV) for more than 48 hours 
have a higher likelihood of developing pneumonia, called ventilator-associated 
pneumonia (VAP) (Cook et al., 1998), however, the exact mechanisms underlining 
this remain unknown. VAP due to P. aeruginosa is also associated with increased 
complications such as septic shock and multiple organ dysfunction resulting in 
mortality rates upwards of 50% (Bergen and Toney, 1998). However lack of early 
diagnostic markers frequently leads to inappropriate empirical antibiotic therapy that 
facilitate the colonization and micro-colony formation is linked with increased 
antibiotic resistance and treatment failure (Ward et al., 2006). Animal models of 
human pneumonia have contributed considerably to our understanding of disease 
pathogenesis in studies not possible to perform in patients. However, different models 
are characterized by a unique pathology that can have a marked influence on the 
outcome of conducted studies. The overarching aims of this thesis were to understand 
disease pathogenesis of P. aeruginosa pneumonia, focussing on VAP in close 
comparison with other types of pneumonia models used in the field as well as to 
identify pathogen derived biomarkers by establishing mass spectrometric tools to 
facilitate these studies. 

Concerning the first aim, we focussed on studying the impact of MV on VAP 
pathogenesis. In the 2nd chapter we showed that MV leads to immunosuppression 
that persists even when animals are challenged by P. aeruginosa. Previous studies 
indicated that MV induces mostly a Th1-type proinflammatory immune response 
(Wolthuis et al., 2009)(Tremblay et al., 1997) that however does not corroborate with 
reduced bacterial clearance and survival (Lin et al., 2003). We showed that this Th1 
cytokine surge was only transient and did not activate Th1-cell specific transcription 
factor Tbet (Szabo et al., 2000). On the other hand, we showed that MV did cause a 
proinflammatory cytokine response but of the IL-17 type with highly upregulated 
expression of IL-17A and F, IL-22 and IL-23 as well as increased Th17-specific 
transcriptional factor Rorc. These cytokines have been implicated in airway 
inflammation by both pro- inflammatory and anti-inflammatory pathways (Besnard et 
al., 2011; Murdoch and Lloyd, 2010; Nembrini et al., 2009). More importantly, we 
showed a robust MV-induced upregulation of immunosuppressive Th2 cytokines with 
increased IL-4, IL-10 and IL-13 expression and increased Arg1+ macrophage and 
eosinophilic infiltration and this increased presence of M2 macrophages and 
eosinophils was also observed in our VAP model leading to increased mortality and 
bacterial lung burden compared to animals that received the same bacterial dose 
without prior MV. Thus, the identification of these immunosuppressive cytokines 
involved in MV induced lung injury could be the factor responsible for the increased 
bacterial lung burden and mortality seen in this model as well as in VAP patients. 

These data are even more interesting in the light that IL-4 & IL-13-mediated, M2 
macrophage/eosinophil driven Th2 immunosuppressive milieu lead to higher rates of 
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infection and can aggravate the lung infection phenotype (Song et al., 2015)(Kang et 
al., 2009)(Knippenberg et al., 2015). Moreover, other lung inflammatory conditions 
marked by increased IL-4 and IL-13 expression such as asthma and COPD show a 
correlation between the increased Th2 response and reduced bacterial immunity 
(Buccheri et al., 2007). Similar mechanisms are observed in patients suffering from 
stroke, where Th1-to-Th2-mediated cell shift leads to immunosuppression and 
increased risk of infections including pneumonia in both stroke patients and animal 
models (Chamorro et al., 2007; Prass et al., 2003).  

These immunosuppressive effect of MV however, have to be validated in experiment 
studies whereby animals that receive MV are treated with IL-4 or IL-13 antagonists or 
targeting the increased arinase-1 expression. These studies are being performed in our 
laboratory, however, due to inability to find good anti-rat antibodies we are shifting to 
mouse models. Targeting IL-4 and IL-13 in lung inflammatory conditions have been 
performed previously and shown to reduce bacterial lung burden in mouse models of 
sepsis (Song et al., 2015). Additionally, IL-4 knock out animals have been shown to 
be more resistant towards developing bacterial pneumonia (Song et al., 2015) while 
IL-4 administration in mice drastically increased bacterial burden 24 hours post-
infection and mortality (Song et al., 2015). Usage of neutralizing antibodies against 
IL-4 and IL-13-has mostly been studied in the field of asthma research (Oh et al., 
2010) and currently, IL-4 and IL-13 antibodies are in clinical trails for treatment of 
asthma patients (Danese et al., 2015). However, the use of neutralizing/blocking 
antibodies against these targets in pulmonary inflammatory conditions indicates their 
potential use in MV induced immunosuppression.  

P. aeruginosa is also the major cause chronic pneumonia occurring in CF and COPD 
patients marked by a persistent acute type lung inflammation with concurrent Th2 
activation that could have potential immunosuppressive effects as observed in our 
VAP model. However, chronic pneumonia is typically long lasting and is 
characterized by low-level of colonization of bacteria that are most commonly 
associated with biofilm structures (Sadikot et al., 2005). Therefore, the observed Th2 
response could be a healing response or perhaps a response of biofilm itself. Studies 
utilizing this model for therapeutic testing showed that although lung bacterial burden 
was significantly reduced following antibiotic institution, lung inflammation persisted 
and did not correlate with antibiotic treatment (Growcott et al., 2011). Thus in 
Chapter 3 we studied pneumonia pathogenesis in a CF model where we utilized agar 
beads to embed the bacteria causing a slow release bacterial release and chronic 
infection. Agar is similar in structure to exopolysaccharides observed in P. 
aeruginosa biofilm and is therefore considered a model for biofilm formation (Cash et 
al., 1979; Growcott et al., 2011). We first showed that sterile agar cause a strong 
pulmonary inflammation with elevated IL-5, IL-10, IL-13 and IL-17-associated 
cytokines together with increased eosinophil and M2 macrophage infiltration 
indicating that agar beads on their own co-contributes to the pathology of the chronic 
pneumonia model. Secondly, bacteria loaded beads further caused increased cytokine 
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expression of Th1 and Th17 type in the acute disease stages and intense neutrophil 
migration to levels higher than acute pneumonia models that also converged towards 
a Th17 and Th2 type immune response observed in the later chronic disease stages 
marked by high numbers of CD68+Arg1+ macrophages and eosinophils. 

While studying pneumonia models in chapter 2 and 3, we realised that clinical scores 
are insufficient for monitoring disease progression in vivo. More objective 
tools/criteria need to be implemented that can complement the commonly used end-
points such as mortality or CFU determination from lung tissue or BAL fluid. 
Therefore, our lab has recently established protocols to help future studies including 
unrestrained whole body lung plethysmography and we are currently exploring 
options to implement in vivo imaging using bioluminescent labeled bacteria. 

One of the main problems associated with P. aeruginosa infections is the high 
intrinsic antibiotic resistance seen in this pathogen. Adaptations towards resistance 
and bacterial virulence often go hand in hand and both are key factors that determine 
the outcome of the disease (Sadikot et al., 2005;Roy-Burman et al., 2001). In 
Chapter 4 we addressed the versatile mechanisms employed by P. aeruginosa to 
cope with antibiotic stress and identified co-expressed targets that could have the 
potential to be therapeutically targeted. Utilizing a multiplexed mass spectrometric 
approach where different antibiotic conditions were analysed in a combined manner 
we had several interesting findings. For instance, tobramycin highly stimulated the 
expression of proteins involved in metabolic pathways and ATP synthesis and 
oxidative stress, mechanism that could be co-targeted leading to better treatment 
regimes. Similarly, subinhibitory concentrations of imipenem caused apart from the 
expected beta-lactamase expression, increased expression of the main biofilm 
regulating molecules as well as T6SS. T6SS is a recently identified secretion system 
in sputum of cystic fibrosis patients (Mougous et al., 2006) and is similar to T3SS in 
cytotoxicity by piercing host cell membranes and injecting specific toxins into other 
cells. The mechanism by which it does that is by forming a nanotube like structure 
consisting of Hcp1 hexamers that acts as a tunnel to transport toxins into host cells or 
other bacterial cells (Ballister et al., 2008) and is protruded using the ClpV1 Atpase 
(Forster et al., 2014). Both Hcp1 and ClpV1 Atpase were also identified to be co-
upregulated in our study. Importantly, targeting functionally related T3SS by 
neutralizing antibodies have shown to provide prophylactic as well as therapeutic 
protection against P. aeruginosa pneumonia in mouse models that have translated into 
clinical trails in VAP patients (Sawa et al., 2014). T6SS could therefore be an 
interesting molecule to target using antibodies, as similarly performed for T3SS, 
depending on the prevailing patient conditions. 

Appropriate therapy against P. aeruginosa is of high importance but equally 
important is the ability to detect pneumonia caused by various organisms in the early 
disease stages. Studies have shown that the most consistent and evident prognostic 
factors for patient outcome is initial adequate antibiotic therapy (Chastre and Fagon, 
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2002)(Alvarez-Lerma, 1996) whilst inadequate therapy is associated with higher 
mortality and morbidity (Muscedere et al., 2012). In addition, delayed detection of 
VAP causing delayed adequate antibiotic therapy is associated with worse patient 
outcome (Rea-Neto et al., 2008). Therefore early and accurate detection is 
fundamental for VAP management (Rea-Neto et al., 2008). Especially with the 
upcoming of new “personalised bacterial” treatments utilizing neutralising antibodies 
targeting specific strains were accurate detection and antibody treatment are used 
together in compendium diagnostic treatment strategies dedicated towards one unique 
bacterium. 

One of the best discriminating factors between presence or absence of specific 
infections or colonisation is the detection of bacterial molecules in bodily fluid that 
are normally absent in the sampled matrix of uninfected/colonised patients as has 
been used to diagnose specific types of community acquired pneumonia (Kollef et al., 
2006; Statt et al., 2015). More specifically, these unique bacterial antigens are 
secreted and detected in urine indicating that this easily accessible bodily fluid could 
be used for diagnosing hospital acquired pneumonias as well. Because P. aeruginosa 
is not part of the commensal flora, this task becomes more achievable compared to 
other important nosocomial pathogens such as MRSA and E. coli, frequent colonisers 
of upper respiratory tract and gastro-intestinal tract respectively. Mass spectrometry is 
one of the ideal platforms to look at all the protein present in a given sample and 
especially suited for detecting proteins in urine due to the less complex matrix 
compared to blood or plasma. In chapter 5, we describe the development of mass 
spectrometric tools to analyse proteins samples for presence of unique P. aeruginosa 
peptides from both VAP patient and pneumonia models. In addition, we analysed the 
host proteins that were co-fragmented to identify unique pathogenic or surrogate 
markers indicative of P. aeruginosa VAP. Previous studies have utilized shotgun 
proteomics for identification of bacterial targets in urine of tuberculous pneumonia 
patients (Young et al., 2014) that yielded valuable potential candidates for future 
investigation and validation. Potential markers P. aeruginosa VAP markers shown in 
chapter 5 will require further validation studies including (i) presence amongst all P. 
aeruginosa pneumonia causing isolates, (ii) secreted in urine of all P. aeruginosa 
VAP patients and (iii) absent in other infectious complications such as urinary tract 
infection or pneumonia due to other etiologies. Nonetheless, targets identified and 
tools developed here could serve as a good foundation to build on future biomarker 
discovery work. Besides the potential use of protein biomarkers in bodily fluids, 
nucleic acid markers have been used extensively in the field of rapid diagnostics of 
infectious diseases by detection of bacterial DNA using PCR amplification to identify 
distinct bacteria species or presence of resistance genes in patient samples (Loens et 
al., 2008; Malhotra-Kumar et al., 2008; Malhotra-Kumar et al., 2005). Focusing on P. 
aeruginosa VAP, studies have shown that comparing culture-based phenotypic assays 
with PCR-based applications, discrepancies can occur and culture negative samples 
can yielded positive PCR results or vica versa with most variability occurring due to 
differences in the sample preparation protocols between different laboratories 
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(Deschaght et al., 2010; Deschaght et al., 2011). Therefore, often, DNA-based 
applications are used side-by-side with the traditional culture-based methods to guide 
patient therapy (Deschaght et al., 2011). However, several commerical setups have 
been developped and used in routine hospital laboratiories to accuratly screen for 
infection or presence of resistance genes isolated form patients samples (Tenover et 
al., 2013; Wang et al., 2016). Recently, whole-genome sequencing has been shown to 
be able to rapidly detect different pathogens as well as different resistance genes by 
high throughput screening (Hasman et al., 2014; Leopold et al., 2014). Although this 
method has gain much attention in research institutes, currently, the application in 
routine hospital laboratories to guide patient therapy is hampered due to lack of 
streamlining, automatization, high running costs and the intensive bioinformatics 
challenges such as complex analyses workflows and the need of constantly updated 
databases containing all known resistance sequences (Fricke and Rasko, 2014). 
Moreover, if a strong correlation between genotype and phenotype in a particular 
bacterial species is lacking or if the resistance occurs due to a mutation in a previously 
unknown gene, predicting resistance soley based on sequencing data can be 
challenging (Koser et al., 2012).  Direct sequencing of RNA from clinical samples 
could, in part, circumvent some of the challenges surrounding this genotype-
phenotype correlation. Similar to DNA, RNA contains genomic information to allow 
accurate identification of pathogens or resistance genes, however, unlike DNA, RNA 
provides critical dynamic phenotypic information as well (Barczak et al., 2012). It has 
been shown that the differentiation from antibiotic susceptible to resistant strains can 
be detected rapidly after antibiotic exposure in vitro (Barczak et al., 2012). 

Irrespective of the detection method, there is a dire need for accurate and rapid 
detection of patients suffering from ventilator-associated pneumonia to guide patient 
therapy. Additionally, finding new ways to treat VAP patients, including optimizing 
the host immune system is of high importance We believe that similar strategies on 
animal models will contribute in our understanding towards the pathogenesis as well 
as biomarker discovery in complex diseases such as pneumonia and similar strategies 
could lead to new treatments/diagnostics test that can ultimately save lives. 
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SUMMARY 
Nosocomial pneumonia is amongst the leading causes of mortality and morbidity in 
hospital settings with P. aeruginosa as one of the most important etiologies. 
Especially patients in intensive care units who receive mechanical ventilation (MV) 
are at high risk of developing ventilator-associated pneumonia (VAP). Lung injury 
induced by MV has been proposed as an important step in VAP pathogenesis, 
however, despite an acute upregulation of proinflammatory cytokines, we showed that 
different protective MV protocols led to a robust and sustained Th2 and Th17 type 
immune response resulting in increased eosinophil and M2 macrophage infiltration in 
lungs. Moreover, MV caused a reduced phagocytic capacity of alveolar macrophages 
in ex vivo assays and MV followed by intratracheal instillation of P. aeruginosa led to 
an aggravated phenotype. We therefore believe that MV causes a local 
immunosuppression that could render patients receiving MV more vulnerable towards 
developing pneumonia. A similar phenotype is observed in a chronic pneumonia 
model where P. aeruginosa is embedded in agar beads to mimic biofilm. However, 
we showed that the increased Th17-Th2 phenotype observed in this model is a 
consequence of the immune response towards biofilm itself rather than the pathogen 
and does not lead to a higher mortality most likely due to slow release of bacteria 
from the beads as well as the lowered metabolic state of P. aeruginosa when in a 
biofilm condition as has been shown previously. Detailed understanding of host 
responses during P. aeruginosa pneumonia could potentially lead to 
immunomodulatory treatments to reduce the risk of infection or attenuate the disease 
progression. Additionally, early detection of infections by specific organisms is 
becoming more important with the recent development of compendium diagnostics. 
Using existing as well as newly established mass spectrometric tools, we have 
identified several potential P. aeruginosa VAP related markers in urine from VAP 
patients as well as in animal models that, if further validated, could be used to 
diagnose nosocomial infections. Moreover, these approaches allowed us to identify 
potential targets co-expressed by P. aeruginosa under various antibiotics that could 
lead to new treatment strategies. We believe that similar strategies on animal models 
will contribute in our understanding towards the pathogenesis as well as biomarker 
discovery in complex diseases such as pneumonia and similar strategies could lead to 
new treatments/diagnostics test that ultimately can save lives. 
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SAMENVATTING 
Nosocomiale pneumonie behoort tot de belangrijkste oorzaken van mortaliteit en 
morbiditeit in ziekenhuizen waarbij P. aeruginosa één van de belangrijkste 
pathogenen is. Vooral patiënten binnen intensieve zorgen die kunstmatige beademing 
(MV) krijgen, hebben een sterk verhoogd risico op het ontwikkelen van ventilatie-
geassocieerde pneumonie (VAP). Longschade veroorzaakt door MV wordt geacht als 
een belangrijke pathogene stap in de ontwikkeling van VAP. Ondanks een verhoogde 
expressie van proinflammatoire cytokines, tonen wij aan dat verschillende 
‘beschermende” beademingsstrategieën tot een robuuste Th2 en Th17 type immuun 
reactie leiden, deze resulteert in een verhoogde infiltratie van eosinofielen en M2 
macrofagen in de long. Daarnaast leid MV tot een verlaagde fagocyterende capaciteit 
van alveolaire macrofagen in ex vivo assays en de combinatie van MV gevolgd door 
instillatie van bacteriën veroorzaakt een verergerd fenotype. Daarom zijn wij van 
mening dat MV een lokale immunosuppressie veroorzaakt welke patiënten die MV 
krijgen, vatbaarder maakt voor het ontwikkelen van pneumonie. Een gelijkaardig 
fenotype werd ook geobserveerd in een proefdiermodel van chronische pneumonie 
waarbij gebruikt gemaakt wordt van P. aeruginosa in agar parels om biofilm na te 
bootsen. Echter, hier is de verhoogde Th2-Th17 response een gevolg van de immuun 
reactie tegen biofilm. De karakterisatie van immuun reacties bij P. aeruginosa 
pneumonie zou in de toekomst kunnen leiden tot immuun-modulerende therapieën. 
Naast behandeling is een vroegere opsporing van infecties van groot belang en dit 
heeft reeds geleidt tot de ontwikkeling van samenlopende diagnose en 
behandelingsstrategieën (compendium diagnostics). Gebruik makende van de 
nieuwste massaspectrometrische technologieën hebben wij verschillende P. 
aeruginosa VAP gerelateerde biomerkers opgespoord in urine stalen van zowel VAP 
patiënten als proefdiermodellen. Deze zouden verder ontwikkeld kunnen worden om 
nosocomiale infecties te diagnosticeren. Daarnaast heeft deze proteoom-studie ook 
geleidt tot de identificatie van co-geëxpresseerde proteïnen door P. aeruginosa onder 
antibiotica stress, wat mogelijk tot nieuwe behandelingsstrategieën kan leiden. Wij 
geloven dan ook dat gelijkaardige studies op proefdiermodellen zullen bijdragen tot 
onze kennis in de pathogenese alsook in het biomerker onderzoek in complexe 
aandoeningen zoals pneumonie en dat gelijkaardige strategieën kunnen leiden tot 
nieuwe behandelingen/diagnostische test om uiteindelijk levens te kunnen redden. 
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