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Brief summary 

This study demonstrates that mechanical ventilation causes IL-4-mediated 

immunosuppression and reduced bacterial phagocytosis that impacts pneumonia 

development in rodents. Blocking of IL-4 signaling restores the phenotype, 

suggesting that induction of IL-4 due to mechanical ventilation predisposes to 

pneumonia development.  
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ABSTRACT 

Patients receiving mechanical ventilation are at risk of  developing ventilator-

associated pneumonia. Here, we show that clinically utilized ventilation protocols in 

rat with 5 or 8 mL/kg tidal volumes cause increased IL-4 expression, lowered ratio of 

TH1:TH2 transcriptional factors (Tbet:Gata3) and increased arginase1-positive 

(Arg1+)  macrophages and eosinophils in lungs. Macrophages from ventilated lungs 

had reduced ex vivo capacity towards phagocytosing bacteria. Ventilated animals, 

when further challenged with bacterial pneumonia, continued to show persistence of 

Arg1+ M2 macrophages as well as an increased bacterial burden compared to 

spontaneously breathing animals receiving the same bacterial dose. Increased IL-4 

expression also occurred in a mouse ventilation model and abrogation of IL-4 

signaling restored lung bacterial burden in a IL-4Rα−/− ventilator-associated 

pneumonia model. Our data suggest that mechanical ventilation induces an 

immunosuppressive state in lungs, providing new insight in development of 

ventilator-associated pneumonia. 

Keywords: Mechanical ventilation; immunosuppression; M2 macrophage; IL-4; 

ventilator-associated pneumonia; VAP; bacterial pneumonia; Pseudomonas 

aeruginosa.
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BACKGROUND 

Mechanical ventilation (MV) is a crucial life-saving support strategy in intensive care 

units. However, this artificial ventilation causes lung inflammation due to 

overstretching of alveoli (volutrauma), alveolar rupture due to elevated transalveolar 

pressure (barotrauma), and/or infectious complications such as ventilator-associated 

pneumonia (VAP) [1,2]. It is estimated that patients receiving mechanical ventilation 

for more than 48 hours have a ≈10-fold higher likelihood of developing VAP [2,3]. 

On its own, volutrauma causes neutrophil migration to the lung and increased release 

of TH1-type proinflammatory mediators such as TNFα, IL-1β, IFNγ and IL-6 [1,4-6].  

Several clinical trials showed that the use of lower tidal volume (VT) ventilation 

strategies significantly reduces the release of TH1-type proinflammatory cytokines 

and improves outcome in patients with or without acute respiratory distress syndrome 

(ARDS) [1,2,6-8], however, the incidence of VAP has not abated [9,10]. It is to be 

noted that TH1-type proinflammatory cytokines as well as type-1 innate immune cells 

such as neutrophils and M1 macrophages are the chief defense against bacteria and 

are protective against infections [11]. In other pathologies marked by an acute 

proinflammatory response such as stroke, trauma, burns or sepsis [12-14], 

immunosuppression occurs by an imbalance of pro- and anti-inflammatory cytokines, 

resulting in a shift towards a general protracted anti-inflammatory state often marked 

by elevated IL-4 levels [13-16]. The IL-4-mediated immunosuppression causes 

macrophage dysfunction by reprogramming M1 macrophages towards the M2 anti-

inflammatory phenotype [17,18], and leads to an increased vulnerability to secondary 

infections, especially bacterial pneumonia [13,14,16]. 
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Although to our knowledge, the role of TH2 cytokines for mechanical ventilation has 

not been studied, a lowered capacity of stimulated blood leukocytes to produce 

TNFα, IL-6 and IFNγ is shown to occur in children ventilated with VT 10 mL/kg for 2 

hours [19]. Moreover, increased bacterial survival has been observed for rodent 

models of pneumonia with prior mechanical ventilation compared to non-ventilated 

pneumonia models [20,21]. Additionally, non-infectious lung inflammatory 

conditions such as asthma and chronic obstructive pulmonary disease are marked by a 

heightened TH2 response that are associated with reduced bacterial immunity [22-24].  

Here, we studied whether mechanical ventilation in rodents leads to a TH2 cytokine-

driven immunosuppression and whether this contributes to pneumonia development. 

We showed that mechanical ventilation leads to IL-4-mediated lung  

immunosuppression that facilitates bacterial growth in lungs, suggesting important 

therapeutic and diagnostic potential for IL-4 during VAP development.   
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METHODS 

Animals 

Wistar rats, aged 8–10 weeks with average weight of ≈320 g were obtained from 

Charles Rivers. For mice studies, 11–13 weeks old mixed-gendered BALBc mice 

were utilized with average weight of ≈28 g (BALB/cRj, René Janvier, France). IL-

4Rα−/− mice raised on BALB/c background were obtained from Jackson Laboratory 

(Balb/c-IL4ratm1Sz/J). These mice lack a functional IL-4 receptor that also dampens 

IL-4 secretion especially from adaptive cells [25]. 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.  

Rat mechanical ventilation model 

Up to four rats were simultaneously ventilated with Servo 900 C ventilator (Siemens), 

as described previously [26,27]. Briefly, after intra-peritoneal anesthesia of 100 

mg/kg ketamine and 0.5 mg/kg medetomidine, rats were orotracheally intubated with 

an otoscope with 14 GA angiocatheter (BD–Life Sciences) on a tilted platform 

designed for rodent intubation (Hallowell EMC, Pittsfield, USA). We utilized 3 

different ventilation protocols. The first, VT 8 mL/kg ventilation group (n = 12 

animals) was ventilated for 2 hours with 10 cm H2O peak-inspiratory pressure (PIP), 

4 cm H2O positive end-expiratory pressure (PEEP), 60 breaths/min, time 

inspiratory/expiratory (TI/E) 1:2, and 21% inspired oxygen. The second, VT 5 mL/kg 

group (n = 8) was similarly ventilated for 2 hours with 7 cm H2O PIP, 4 cm H2O 

PEEP and 80 breaths/min. The third, VT ≈25 ml/kg group (n = 8) was ventilated with 
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zero PEEP, 26 cm H2O PIP and 40 breaths/min. Animals were continuously 

monitored by pulse oximetry (MouseSTAT, Kent Scientific) to maintain oxygen 

saturation (>95%) and body temperature maintained at 37°C by the use of a rectal 

temperature probe and heating blanket (RightTEMP, Kent Scientific). After different 

ventilation protocols, animals were euthanized and studied. Spontaneously breathing, 

non-manipulated animals (n = 12) served as controls. Spontaneously breathing 

anaesthetized animals had grossly depressed respiratory rates and tidal volumes and 

were not further utilized (see SI methods).  

Induction of bacterial pneumonia in ventilated rats 

After 2 hours of ventilation with VT 8 mL/kg, rats (n = 12) were intratracheally 

instilled with 2 x107 c.f.u. of P. aeruginosa (ATCC-27853) suspended in 500 µL 

saline (MV+PA, or VAP, group). As controls, animals received identical bacterial 

instillation without prior ventilation (n = 12; PA group). Anesthesia was reversed 

using 300 µg/kg atipamezole and animals were returned to their cages and monitored 

for clinical signs of pneumonia [28,29] till 24 hours when they were euthanized. 

Mouse mechanical ventilation model  

IL-4Rα−/− and wild-type mice were anesthetized with 80 mg/kg ketamine and 1 mg/kg 

medetomidine and intubated by 20 GA (Insyte Autoguard, BD) on the Hallowell 

platform. Mice were pressure-controlled ventilated for 2 hours using VentElite 

(Harvard Apparatus) with 11 cm H2O PIP, 4 cm H2O PEEP and 140 breaths/min 

corresponding to VT 8 mL/kg. As described for rat ventilation, animals were 

continuously monitored to maintain >95% oxygen saturation and 37°C body 

temperature, and euthanized immediately after ventilation. Spontaneously breathing 

mice (n = 6) served as controls. 
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Induction of bacterial pneumonia in ventilated mice 

As described for rat studies, IL-4Rα−/− (n = 6) and wild-type mice (n = 4) were further 

challenged by intratracheal instillation of 1 x106 CFU of P. aeruginosa suspended in 

50 µL saline. As controls, IL-4Rα−/− (n = 6) and wild-type mice (n = 4) receiving the 

same bacterial instillation without prior ventilation were utilized. After infection, 

anesthesia was reversed using 1 mg/kg atipamezole and animals monitored and 

euthanized after 24 hours. 

Data analyses and statistics 

Data analyses were performed using SPSS–v.23. Transcript data and bacterial 

quantifications are presented as average fold-differences with standard errors of the 

mean. Immunohistochemical, phagocytic and ELISA data are presented as averages 

of each group with standard errors of mean. Kolmogorov-Smirnov test was utilized 

for testing normality before testing statistical significance of differences by 2-tailed 

independent t-test. Multiple comparisons were performed on one-way ANOVA with 

Tukey’s post-hoc correction. Survival analyses were performed using Kaplan-Meier 

estimator with Mantel-Cox log rank test. Values of all significant correlations (P< 

0.05) are given with degree of significance indicated (* P< 0.05, ** P< 0.01, *** P< 

0.001). 

Detailed Methods are in online supplementary information, SI Methods.
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RESULTS  

Mechanical ventilation induces a proinflammatory response but depressed 

transcriptional activity of the TH1 lineage in lung 

To study whether mechanical ventilation causes local immunosuppressive changes, 

we mechanically ventilated rats for 2 hours using a VT of 8 mL/kg, a ventilation 

protocol commonly employed in non-injured lungs as well as in children with or 

without lung injury [7,8,19,30,31]. In addition, we also utilized a 2 hour ventilation 

protocol with VT of 5 mL/kg employed in ARDS patients [1,6], as well as a high-

volume, 25 mL/kg ventilation protocol commonly employed to establish ARDS-like 

features in rodents [32].  

On histology, lungs from VT 5 and VT 8 groups were not remarkably different than 

spontaneously breathing control group, however, VT 25 mL/kg ventilation caused a 

huge cellular infiltrate, edema and blood within alveolar compartments as was 

anticipated [5] (Figure 1A). We quantified neutrophilic and macrophage infiltration 

utilizing a neutrophil marker and a marker for activated phagocytes (CD68). Not only 

VT 25, but also VT 5 and VT 8 groups, showed tidal volume-dependent increased 

interstitial neutrophils (P at least < 0.01 for all) and interstitial CD68+-macrophages in 

lungs (P< 0.01 for all; Figure 1B and SI Figure 1). Staining of VT 8 mL/kg group 

with pan-lymphocyte marker, CD3, did not show a significant increase in lung 

infiltration although transcript analysis showed a 2.4 times activation of lymphocyte 

activation marker, CD69, compared to controls (P< 0.01).  

We also showed that MV with increasing tidal volumes also led to an increased 

upregulation of proinflammatory cytokines Tnfα and IL-1β, however, levels of Ifnγ 
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and IL-6 were only significantly elevated for VT 25 groups (Figure 1C). These data 

essentially confirm previous findings that MV is associated with upregulation of 

proinflammatory cytokines and of neutrophil and macrophage infiltrations that are 

significantly reduced for lung-protective ventilation protocols [4,5,7,19]. 

We next studied whether the innate proinflammatory response induced by MV has 

any long-term consequences in building a TH1–proinflammatory milieu. T-bet is the 

master regulator for governing TH1–type responses and GATA3 is the main 

transcription factor for inducing TH2–type responses [33]. Tbet/Gata3 ratio in lungs is 

employed to study TH1/TH2 responses [34]. After MV, Tbet/Gata3 ratio was 

significantly reduced in lungs for all studied ventilation groups (P< 0.05 for all; 

Figure 1D) indicating activation of a TH2 type inflammatory response as a long-term 

consequence of MV-induced lung injury. 

Mechanical ventilation causes upregulation of lung TH2 cytokines and lung TH2 

innate cell infiltration  

IL-4 functions as a potent inducer of M2 macrophages and of TH2 effector cells while 

blocking M1 macrophage proliferation and TH1 cell-differentiation [17,35-37]. IL-4 

transcript levels in lung were upregulated by 6–8-fold after MV for all ventilation 

groups (P< 0.001 for all). Increased IL-4 expression was also confirmed on the 

protein level in BAL fluid showing significant incremental increase of 14 pg/ml for 

VT 5 group (P< 0.01), 18 pg/ml for VT 8 group (P< 0.001) and 36 pg/ml for VT 25 

group (P< 0.001) (Figure 2A). IL-13 is another TH2 cytokine that functions more 

centrally in allergic inflammation and helminthic infections. IL-13 transcript levels, 

although non-significantly elevated for VT 5 and VT 8 groups, were highly elevated 

for VT 25 group (37-folds, P< 0.01; Figure 2B). Similarly, IL-13 protein levels in 
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BAL fluid were also only highly elevated for VT 25 group (P< 0.001; Figure 2B). 

Lastly, we studied IL-10, an immunomodulatory cytokine that also exerts anti-

inflammatory functions and was not elevated in the VT 5 and VT 8 groups, however, 

was significantly elevated in the VT 25 group (5-folds, P< 0.05). 

We further studied macrophage polarization subtypes in lungs of ventilated animals 

using arginase-1 (Arg1), an M2 marker that is strongly induced by IL-4 [36], as well 

as inducible nitric oxide synthase (iNOS), a prototype M1 macrophage marker. 

Infiltration of macrophage subsets was quantified utilizing Arg1/CD68 and 

iNOS/CD68 double-labeled immunohistochemistry. After MV, Arg1+ M2 

macrophages increased ≈2.5-fold for both VT 5 and VT 8 groups compared to 

spontaneously breathing controls (P< 0.01; Figure 2C; SI Figure 2). In contrast, the 

proportion of iNOS+ M1 macrophages in VT 5 and VT 8 groups reduced by ≈4-fold 

after MV compared to controls (P< 0.01; Fig 2C; SI Figure 2). 

Besides M2 macrophages, eosinophils have long been associated with the effector 

arm of TH2 immune responses and recent data has suggested that activated 

eosinophils are present earliest in response to TH2-inducing agents [38]. Histological 

analyses revealed an increased influx of eosinophils for all ventilation groups (P< 

0.01; Figure 2D). These data all suggest that MV induces TH2 cytokine expression 

and a TH2 innate cellular response in rat lungs. 

Reduced bacterial phagocytosis by macrophages from ventilated lungs  

IL-4-induced M2 macrophages are also known to cause reduced bacterial 

phagocytosis in vitro [36]. Therefore, we further examined ex vivo phagocytic 

capabilities using labeled E. coli particles on macrophages extracted from 

bronchoalveolar lavage (BAL) fluid immediately after MV. Macrophages from all 
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ventilation groups showed a reduced phagocytic capacity towards bacterial particles 

compared to macrophages harvested from controls (23% reduction for VT 5 group, 

36% for VT 8 group, P< 0.001 for both; and 24% reduction for VT 25 group, P< 0.01; 

Figure 3A).  

To further study whether the observed increase in IL-4 levels has the capability to 

induce M2 macrophages and to suppress bacterial phagocytosis, we stimulated 

alveolar macrophages in vitro with the IL-4 concentration range detected in BAL 

fluid in ventilated animals. We first showed that recombinant IL-4 (rIL-4) stimulation 

caused an ≈5-fold decrease in M1 macrophage numbers compared to the non-

stimulated group (P< 0.01), while M2 macrophages were 1.5-fold elevated (P< 0.05; 

Figure 3B). Next, we showed that 40 pg/mL rIL-4 stimulation caused a significant 

24% decrease in phagocytosis compared to non-stimulated cultures (P< 0.01, Figure 

3C), and was comparable to 10 ng/mL IL-4-stimulated cultures, classically used as 

positive controls for IL-4 stimulation studies [36,37].  

MV-induced Arg1+ macrophages persist after bacterial challenge in lungs  

To study the impact of MV on pneumonia development, animals ventilated with VT 8 

mL/kg were further intratracheally challenged with 2 x107 CFU of Pseudomonas 

aeruginosa in a model of VAP (MV+PA group), and were compared with the PA 

group that received the same bacterial challenge in absence of MV. P. aeruginosa was 

chosen as choice organism as it is one of the most important causes of pneumonia in 

hospitalized patients and associated with high mortality rates [39]. MV prior to 

bacterial challenge led to increased disease severity and mortality compared to the PA 

group (P< 0.05; Figure 4A) along with increased bacterial lung burden (P< 0.05; 

(Figure 4B), as shown previously [20,21].  
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On lung histopathology, eosinophilic infiltration for the MV+PA group was ≈2.4-fold 

higher than the PA group (P< 0.05) while the amount of neutrophils was non-

significantly reduced for the MV+PA group (Figure 5A). We next studied CD68+-

macrophage populations and showed them to be elevated for both MV+PA and PA 

groups (P< 0.001; SI Figure 3). However, on double-labeled immunohistochemistry, 

Arg1+CD68+ macrophages doubled for MV+PA group compared to the PA group (P< 

0.01; Figure 5B, lower panel) while the proportion of iNOS+CD68+ macrophages 

were ≈20% reduced for MV+PA group compared to the PA group (P< 0.05, Figure 

5B, upper panel). These data suggest that the proportion of MV-activated innate TH2 

cells persist despite the huge burden of Gram-negative bacteria in the MV+PA lungs. 

Mechanical ventilation-induced phenotype is restored in IL-4Rα-/-  VAP mouse 

model 

To study whether inhibiting IL-4 signaling could restore increased bacterial burden 

observed for ventilated models of pneumonia, we ventilated IL-4Rα-/- mice that lack 

functional IL-4 and IL-13 signaling. Wild-type mice ventilated with VT 8 ml/kg for 2 

hours showed upregulation of IL-4 lung transcript levels (2.6-fold, P< 0.05; Figure 

6A) as well as of the key Th1 cytokines, TNFα (2-fold, P< 0.05) and IL-6 (≈4-fold, 

P< 0.01). IL-4Rα-/- mice ventilated with VT 8 ml/kg showed comparable increase in 

the levels of IL-4 (3.5-fold, P< 0.01) and TNFα (2.5-fold, P< 0.001), while 

elevations in IL-6 levels were much more pronounced (15-fold, P< 0.001; Figure 6B). 

However, IL-10 and IL-13 lung transcript levels remained unaltered in both wild type 

and IL-4Rα-/- ventilated mice compared to controls (data not shown). Similar to rat, 

wild-type mice when further challenged with 106 CFU of P. aeruginosa led to 

increased bacterial lung burden compared to animals that received the same bacterial 
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dose without prior ventilation (P< 0.01, Figure 6C). However, when IL-4Rα-/- 

animals were similarly ventilated and inoculated with same dose of bacteria, no 

increase in bacterial lung burden was observed compared to PA mouse group (Figure 

6C). These data suggest that IL-4 upregulation as a consequence of mechanical 

ventilation plays an important role in suppressing macrophage bacterial phagocytic 

function.
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DISCUSSION 

Here we show that mechanical ventilation in rodents leads to an immunosuppressive 

milieu in lung marked by elevated transcript and protein levels of the key TH2 

cytokine (IL-4) and of the key TH2 innate effector cells (M2 macrophages and 

eosinophils). We also show that after MV, alveolar macrophages have reduced 

capacity to phagocytose bacterial particles that could contribute to the increased 

vulnerability of mechanically ventilated patients to develop VAP. In support of this 

postulate, we showed that ventilated animals when further intratracheally challenged 

with P. aeruginosa displayed persistence of M2 polarized macrophages that 

correlated with increased bacterial burden in lungs compared to spontaneously 

breathing animals receiving the same bacterial dose. Moreover, blocking of IL-4 

signaling in an IL-4Rα-/- mouse VAP model restored the bacterial lung burden. 

MV induces the release of TH1-type proinflammatory mediators in both patients and 

animal models [1,4-6,19], and independent patient studies have shown that lung-

protective MV protocols with lower tidal volumes of 5–8 mL/kg drastically reduce 

proinflammatory mediators in plasma and BAL fluid compared to conventional MV 

with higher tidal volumes [7,8]. We confirm this in our study where TH1-type 

proinflammatory cytokines abated drastically with protective ventilation strategies of 

VT 5 or 8 mL/kg, with IL-6 levels showing the most pronounced drop from ≈1500-

fold for VT 25 group to few-fold elevations for the VT 5 and VT 8 groups.  

However, despite the use of lower VT protocols, the unabated high incidence of VAP 

and non-VAP nosocomial infections in ventilated patients [9,10] suggested that VAP 

is tightly linked to some other consequence of MV. This premise is well supported by 

this study where MV was unable to activate the TH1-specifc transcriptional factor, T-



 16 

bet. In fact, the ratio of TH1:TH2 transcriptional factors (Tbet:Gata3), a ratio 

employed to predict immunosuppression [34], was highly depressed; and IFNγ, the 

classical Th1/M1 driver, was not elevated in the protective ventilation groups. These 

data fit well with a study where 2 hours of MV in children with VT 10 mL/kg caused 

depressed proinflammatory cytokine production from stimulated blood cells [19].  

It would be interesting to study whether lower VT protocols in humans also lead to IL-

4 mediated immunosuppression in lung and investigate whether therapeutically 

blocking IL-4 or any upstream mechanism could prevent pneumonia development in 

ventilated patients. In other immunosuppression-inducing diseases such as sepsis and 

asthma, IL-4 and its targeting has been shown to have disease-modifying outcomes 

[14-16,40-42]. For example, increased IL-4 levels in sepsis have been strongly 

correlated with mortality [15,16], and have also been linked to secondary infections 

including pneumonia [14]. Similarly in asthma, increased lung IL-4 and TH2 cells 

linked with an increased risk for bacterial lung infections are blocked with IL-4/IL-13 

antibodies [41,42]. Interestingly, while we show an incremental increase of 14 pg/ml 

for the lowest VT 5 ml/kg group, an increment of 1 pg/ml of IL-4 in a mouse model of 

allergic airway inflammation is already shown to significantly increase the risk of 

developing pneumonia [41]. 

In contrast to IL-4, IL-13 levels were only significantly elevated in the VT 25 mL/kg 

group, and while it would be interesting to study whether low VT strategies for 

prolonged duration of ventilation are able to induce IL-13 expression, IL-4, but not 

IL-13, induces differentiation of naïve helper TH0 cells to TH2 cells as well as blocks 

TH1 responses [43]. Moreover, IL-4, independent of IL-13, can induce allergic airway 

inflammation and polarization of macrophages towards M2 type with reduced 
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phagocytic capacity [17,44]. We show here that treating macrophages in vitro with 

the same levels of IL-4 observed in ventilated lungs were sufficient to reduce the 

phagocytic capacity of alveolar macrophages extracted from BAL. While increased 

IL-4 also has an inhibitory effect on lung neutrophil recruitment and phagocytosis 

[16,45,46], more than 90% of cells isolated from lung BAL were CD68+ activated 

macrophages. Interestingly, the phagocytic reduction of alveolar macrophages was 

less pronounced for VT 25 ml/kg group and fits well with the observation that TH1 

cytokines were most drastically elevated for VT 25 ml/kg, suggesting that the elevated 

TH1 response here likely offsets the IL-4-mediated responses. The reduction of 

bacterial phagocytosis as a consequence of MV also corroborates well with increased 

in vivo bacterial burden in our rat VAP model ventilated with a protective VT 8 ml/kg 

protocol. 

As is the case with sepsis [14], the exact mechanism of MV-induced IL-4 mediated 

immunosuppression is unidentified. While the production of IL-4 could be a 

compensatory mechanism neutralizing the harmful effect of activated macrophages, 

studies have shown the existence of neuroendocrine pulmonary stretch receptors that 

release cytokines when subjected to artificial stretch [47]. It is therefore possible that 

recruitment and de-recruitment of peripheral alveoli and associated vascular 

phenomena could also be involved to initiate the MV-induced immunosuppression 

pathway. Newer ventilation strategies such as non-invasive ventilation that minimize 

non-physiological ventilation will likely be more adapt in reducing the 

immunosuppressive effect of MV. While we focused in this paper on TH2 cytokines, 

an increased expression of IL-6 especially in IL-4Rα-/- mice ventilated with VT 8 

mL/kg remains interesting and suggests a hyper-response due to the lack of robust 

Th2 pathways. A similar hyper-responsiveness of IL-6 is also described in IL-4-/- 
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mice infected with Salmonella or E. coli toxin [48,49]. While IL-6 was drastically 

elevated for the high VT 25 ml/kg ventilation, protective ventilation strategies in both 

rat and wild-type mice only showed a modest and sometimes non-significant 

elevation of IL-6 suggesting that with newer ventilation protocols, the protective 

effect of IL-6 against bacterial pneumonia [50] has also declined. 

To conclude, we show here a distinct involvement of IL-4 and associated innate 

immune cells in the pathology of mechanical ventilation-induced lung inflammation 

and of persistence of M2 macrophages after infection. 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.
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FIGURE LEGENDS  

Figure 1. TH1 cytokines and inflammatory cell infiltration induced by 

mechanical ventilation 

(A) Representative images for H&E stain for Con, VT 5, VT 8 and VT 25 groups, 

analyzed after 2 hours of MV. Scale bar represent 50 µm. (B) Upper panel shows 

representative images for neutrophil and activated (CD68+) macrophage 

immunostaining (see also SI Fig. 1). Scale bars represent 50 µm. Lower panel shows 

quantitative analyses for these immunohistochemical stains. (C) Lung transcript 

analyses for prototype proinflammatory cytokines Tnfα, IL-1β, Ifnγ, and IL-6. Most 

drastic elevation in lung transcript levels was observed for the VT 25 group. (D) 

Tbet/Gata3 lung transcript ratio. A–D, Data is presented as averages ± SEM; *P< 

0.05, **P< 0.01; ***P< 0.001; asterisk above the vertical bars denotes significance 

against spontaneously breathing control group; n = 6–8 animals per group. 

Figure 2. Mechanical ventilation induces TH2 cytokine expression and innate TH2 

effector cell infiltration in lungs 

(A) IL-4 lung transcripts and BAL protein analyses of Con, VT 5, VT 8 and VT 25 

groups analyzed after 2 hours of MV. (B) IL-13 lung transcript and BAL protein 

analyses. (C) Double-labeled immunohistochemistry on lung sections for CD68 

combined with either Arg1 (upper panel) or iNOS (lower panel). Scale bar represents 

20 µm. Right panels show increased Arg1+CD68+ cells and decreased iNOS+CD68+ 

double-positive cells for VT 5 and VT 8 groups compared to spontaneously breathing 

controls. (D) H&E stained lung sections showing increased eosinophils in ventilated 

lungs (arrowheads). Scale bar represents 20 µm. A–D, Data is presented as averages ± 
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SEM; **P< 0.01, ***P< 0.001; asterisk above the vertical bars denotes significance 

against spontaneously breathing control group; n = 6–8 animals per group.  

Figure 3. Mechanical ventilation reduces phagocytic potential of macrophages 

(A) Representative CD68 immunostaining for macrophages on cytospin from BAL 

fluid showing that > 90% of alveolar cells were activated macrophages; scale bar 

represents 50 µm. Box plot shows ex vivo phagocytic capacity of macrophages 

extracted from BAL fluid after 2 hours of ventilation. (B) Naive macrophages were in 

vitro stimulated with either recombinant IL-4 or vehicle control (non-stimulated) in 

independent experiments. Stimulated cells were triple-immunostained for CD68, 

Arg1 and iNOS. Scale bar represents 20 µm. (C) Naïve and 40 pg/mL IL-4 stimulated 

alveolar macrophages were used for in vitro phagocytic assay (Neg-con, non-

stimulated cells). A–C, Data is presented as averages ± SEM; *P< 0.05; **P< 0.01; 

***P< 0.001 and asterisk above the vertical bars denotes significance against 

spontaneously breathing control group; n = 6–10 animals per group. 

Figure 4. Reduced phagocytic capacity after MV leads to increased bacterial 

survival in a VAP model  

(A) MV+PA (VAP) group showed a significantly higher clinical score (*P< 0.05 at 18 

hour time-point, 2-tailed t-test) and a significantly higher mortality (*P< 0.05, 

Kaplan-Meier Mantel-Cox log rank test) compared to PA group. Both groups were 

analyzed 24 hours after bacterial inoculation. (B) Bacterial load in lungs estimated 

using qPCR showed a higher bacterial load in the MV+PA group compared to PA 

group (*P< 0.05; n = 6 animals per group).  
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Figure 5. Persistence of MV-induced eosinophils and M2 macrophages after 

pulmonary infection 

(A) Lung pathology assessed on H&E stained sections and neutrophil 

immunohistochemistry showed significantly elevated eosinophils (arrowheads and 

inset), but not neutrophils for MV+PA group compared to PA group. Both groups were 

analyzed 24 hours after bacterial inoculation. Scale bar represents 50 µm. (B) Double-

labeled immunohistochemistry for M1 and M2 macrophages showing decreased 

proportion of iNOS+CD68+ cells (upper panel) and an increased proportion of 

Arg1+CD68+ cells (lower panel) for MV+PA group compared to PA group. Scale bar 

represents 60 µm. A–B, Data is presented as averages ± SEM; *P< 0.05, **P< 0.01, 

*** P< 0.001 and asterisk above the vertical bars denotes significance against 

spontaneously breathing control group; n = 6 animals per group; ns: non-significant. 

Figure 6. Blocking of IL-4/IL-13 signaling restores phenotype in a mouse model 

of ventilation and infection 

(A) Lung transcript analysis of Tnfα, IL-6 and IL-4 for wild type mice either 

ventilated with VT 8 mL/kg for 2 hours or spontaneously breathing (n = 6 per group). 

(B) Similar lung transcript analysis for IL-4Rα-/- mice (n = 6–8 animals per group). 

(C) Higher bacterial lung burden for wild-type MV+Pa mouse model ventilated with 

VT 8 mL/kg (n = 4) compared to mouse PA model (n = 4). However, bacterial lung 

burden was restored for IL-4Rα-/- mouse VAP model compared to IL-4Rα-/- mouse PA 

model (n = 6 animals per group; ns, non-significant). Animals were euthanized 24 

hours after bacterial inoculation. A–C, Data is presented as averages ± SEM; *P< 

0.05, **P< 0.01, ***P< 0.01.  
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SUPPLEMENTARY INFORMATION BIELEN ET AL 

SI Methods 

Anesthesia control group 

Ten weeks old male Wistar rats, age between 8–10 weeks with average weight of 

≈320 g were obtained from Charles Rivers (n = 6) were administered 100 mg/kg 

ketamine and 0.5 mg/kg medetomidine. Anesthetized animals were left to respire for 

2 hour before being euthanized. During 2 hours anesthesia protocol, animals were 

monitored using whole body lung plethysmography (SI Figure 4). 

Pletysmography 

Tidal volume and breathing frequency was measured in unrestrained rats by non-

invasive method using 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 a total of three times during the 2 hour 

anesthesia protocol (0–20, 60–80 and 100–120 minutes). Data was analyzed using 

Emka-iox v2.9.5.73 software. 

Histopathology and immunohistochemistry 

The left lung was processed for histology. All lungs used for histology were treated 

with standardized protocols to allow comparison between the groups. Lung pathology 

was blindly assessed by two investigators, of which one is a pathologist, using 
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protocols recommended by American Thoracic Society [1]. Amounts of eosinophils 

for each group were manually counted on 10 consecutive fields with 200x 

magnification. Immunohistochemical procedures were performed as described 

previously [2]. Briefly, lung paraffin sections were deparaffinized, rehydrated, 

pretreated with citrate buffer to enhance immunoreactivity followed by peroxidase 

and serum block and sections developed using DAB (5’, 5’ diaminobenzidine, Dako, 

Heverlee, Belgium). Primary antibodies used were: anti-CD68 (1:200 dilution, Abd 

Serotec MCA341R, Kidlington, UK), anti-arginase-1 (1:300, Santa Cruz Sc-18354, 

Heidelberg, Germany), anti-iNOS (1:100, Abcam ab15323, Cambridge, UK) and anti-

neutrophil (1:10,000, LifeSpan Biosciences LC-348181, Seattle, WA, USA). Sections 

were counterstained with hematoxylin and images taken on an Axioscope AX10 light 

microscope (Zeiss, Zaventem, Belgium) equipped with a CCD UC30 camera 

(Olympus, Antwerp, Belgium). Cells were manually counted by blinded investigators 

on 10 consecutive fields at 200x magnification unless mentioned otherwise. Double-

labeled immunofluorescence was performed on lung sections using anti-CD68 (1:200 

dilution) combined with anti-arginase-1 (1:400 dilution) or anti-iNOS (1:100 dilution) 

and visualized with secondary antibodies conjugated to cy3 or cy5 (Jackson Immuno 

Research, Suffolk, UK). DAPI (4,6-Diamidino-2-phenylindole, Sigma-Aldrich, 

Overijse, Belgium) was used as a nuclear counterstain. Images were taken on a dual 

spinning disk confocal microscope (UltraView VoX, PerkinElmer, Seer green, UK) on 

200x magnification and images analyzed using Volocity (Perkin Elmer). Proportions 

of Arg1+CD68+ and iNOS+CD68+ co-positive cells were counted manually on 10 

consecutive fields. 
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Bacterial quantification 

Lung CFU count was used as primary endpoint for IL-4 receptor alpha knockout (IL-

4Rα-/-) and wild type mice. For this, both lungs were homogenized by a tissue 

homogenizer (Ika, Staufen, Germany) in cold sterile PBS, log-diluted in PBS and 

spiral plated on Mueller-Hinton agar plates (Eddy Jet, IUL Instruments, Barcelona, 

Spain). Plates were incubated at 37°C and colonies counted the next day. For rat 

experiments, the right lung was snap-frozen, crunched and aliquoted for different 

molecular analyses. Microbial estimations were performed using quantitative PCR on 

DNA extracted from whole lung homogenate using sodium dodecyl sulfate/proteinase 

K buffer as described [3]. DNA cleanup was performed on crude PCR lysates using 

spin columns (Nucleospin, Macherey Nagel, Eupen, Belgium). qPCR was performed 

using Bio-Rad CFX connect (Bio-Rad) and SsoAdvanced SYBR green supermix 

(Bio-Rad) using 3 step PCR with cycles of 95°C for 15 seconds followed by 60°C for 

30 seconds and 72°C for 30 seconds. Primer pairs are shown in Table 1. As control 

samples, DNA from spontaneously breathing control animals was spiked with DNA 

of pure P. aeruginosa culture to create a standard to estimate the bacterial load. 

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) 

and converted to cDNA (RT2 First Strand Kit, Qiagen). Quantitative PCR was 

performed on Bio-Rad CFX Connect (Bio-Rad, Temse, Belgium) with SsoAdvanced 

SYBR green supermix (Bio-Rad) utilizing 2 step PCR with cycles of 95°C for 10 

second followed by 60°C for 30 seconds. Primer sequences are shown in Table 1.	
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Data were analyzed using comparative CT method with Actb and Sdha as 

housekeeping genes as described earlier [4, 5]. Additional gene expression changes in 

select animals were validated using custom PCR-arrays (Qiagen) based on initial 

analysis. Mouse IL-4 levels were determined using Actb and Gapdh as housekeeping 

control genes shown in Table 1.	

ELISA 

IL-4 and IL-13 sandwich ELISA was performed on BAL samples according to 

manufactures specifications (Rat IL-4 platinum ELISA, eBioscience, Vienna, Austria; 

Rat IL-13 PicoKine ELISA, MyBiosource, San Diego, CA, USA). Briefly, BAL 

samples from each group were 1:2 diluted in supplied assay buffer and added to pre-

coated wells. Samples were incubated with biotin conjugated anti-IL-4 or anti-IL-13 

antibodies followed by streptavidin-labeled HRP incubation. Colorimetric reaction 

was performed using TMB substrate and measured at 450 nm. 

Macrophage isolation  

Macrophages from bronchoalveolar lavage (BAL) fluid or peritoneal fluid were 

obtained using Mg2+ and Ca2+-free PBS containing 0.6 mM EDTA, spun at 450 x g 

for 10 minutes and cells resuspended in warm RPMI medium to final density of 1 

x106 cells/mL. Both these  methods yielded >90% macrophages assessed by CD68-

DAPI immunostaining and 96% viability assessed by Trypan Blue exclusion on 

sections prepared with Cytospin centrifuge cell preparation system (Shandon – 

Thermo Fischer Scientific, Waltham, MA, USA) [6, 7]. After stimulation, cell 

phenotypes were assessed on triple labeled immunocytochemistry using CD68 

combined with Arg1 and iNOS as described in section Histopathlogy and 

immunohistochemistry. 
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Phagocytosis assay 

Phagocytosis assay was performed according to manufactures specifications 

(CytoSelect E. coli assay, Cell Biolabs Inc., San Diego, CA, USA). Briefly, alveolar 

macrophages were harvested immediately after MV along with control group and 

seeded at 106 cells/mL density in 100 µL. 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. Data was normalized for total 

signal intensity for each independent experiment and data presented as average 

decrease in phagocytosis compared to cell harvested from spontaneously breathing 

control animals. 

In vitro IL-4 stimulation 

For IL-4 stimulation experiment, cells were incubated with rat IL-4 recombinant 

protein (Thermo Fischer, Gent, Belgium) for 12 hours in RPMI medium 

supplemented with fetal calf serum. 
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SI Figure 1. CD68 and Neutrophil immunostaining for all studied ventilation 

groups 

Representative immunostaining for CD68 (upper panel) and Neutrophil (lower panel) 

for spontaneously breathing control (Con), VT 5, VT 8 and VT 25 ventilation groups. 

Scale bars represent 50 µm.  

SI Figure 2. M1 and M2 macrophage immunostaining  

Representative immunostaining for M1 macrophages (iNOS+CD68+, left panel) and 

M2 macrophages (Arg1+CD68+, right panel) for spontaneously breathing control 

(Con), VT 5, VT 8 and VT 25 ventilation groups. Scale bars represent 30 µm.  

SI Figure 3. CD68+ immunostaining for PA and MV+PA groups 

Representative images for CD68 immunostaining for MV+PA and PA groups. Scale 

bars represent 200 µm. Right panel shows quantitative analyses of CD68 

immunohistochemistry. Images were taken at 50x magnification and data was 

analyzed in a blinded automated way using ImageJ v1.47 IHC Profiler Plug-In and 

presented as the average percentage area stained for each group ± SEM; *** P < 

0.001 and asterisks above the vertical bars denotes significance against spontaneously 

breathing control group; n = 6 animals per group. Ns: non-significant. 

SI Figure 4. Anesthesia control animals 

For the anesthesia control group, animals after being anaesthetized were left to respire 

spontaneously for 2 hours before being euthanized. Animals in this group showed up 

to 60% reduced respiratory rate and 29% drop in the VT measured on a rat 

plethysmograph and were therefore not further utilized for comparison with the 

ventilation groups. N = 6 animals; *P < 0.05, ***P < 0.001 and asterisk above the 

vertical bars denotes significance against baseline control measurement.  
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SI Table 1. Primer sequences 

Primer sequences used for this study. Actb, Sdha were used as housekeeping genes. 

Target Host Fw seq Rv seq 

Actb Rat GTCGTACCACTGGCATTGTG CTCTCAGCTGTGGTGGTGAA 

Sdha Rat CTCTTTTGGACCTTGTCGTCTTT TCTCCAGCATTTGCCTTAATCGG 

Ywhag Rat TTCCTAAAGCCCTTCAAGGCA GGCTTTCTGCACTAGTTGCTCG 

Tbet Rat TCCTGTCTCCAGCCGTTTCT CGCTCACTGCTCGGAACTC 

Gata3 Rat GGCGGCGAGATGGTACTG TCTGCCCATTCATTTTATGGTAGA 

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 

IL-4 Mouse AGATGGATGTGCCAAACGTCCTCA AATATGCGAAGCACCTTGGAAGCC 

L-13 Mouse CCTCTGACCCTTAAGGAGCTTAT CGTTGCACAGGGGAGTCT 

IL-10 Mouse ACTACCAAAGCCACAAGGCA TGGCAACCCAAGTAACCCTTA 

Actb Mouse TGTCGAGTCGCGTCCACC TCGTCATCCATGGCGAACTGG 

Gapdh Mouse TCAACAGCAACTCCCACTCTTCCA   ACCCTGTTGCTGTAGCCGTATTCA 

IL-6 Mouse GGGATGTCTGTAGCTCATTCTG AACTGGATGGAAGTCTCTTGC 
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Tnfα Mouse CCTGTAGCCCACGTCGTAG GGGAGTAGACAAGGTACAACCC 

O-antigen P. aeruginosa CTGGGTCGAAAGGTGGTTGTTATC   GCGGCTGGTGCGGCTGAGTC 
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