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Introduction: Resistive breathing (RB) is characterized by forceful contractions of the inspiratory muscles, mainly the diaphragm,
resulting in large negative intrathoracic pressure and mechanical stress imposed on the lung. We have shown that RB induces lung
injury in healthy animals. Whether RB exerts additional injurious effects when added to pulmonary or extrapulmonary lung injury is
unknown. Our aim was to study the synergistic effect of RB on lipopolysaccharide (LPS)-induced lung injury.

Methods: C57BL/6 mice inhaled an LPS aerosol (10mg/3mL) or received an intraperitoneal injection of LPS (10 mg/kg). Mice were
then anaesthetized, the trachea was surgically exposed, and a nylon band of a specified length was sutured around the trachea, to
provoke a reduction of the surface area at 50%. RB through tracheal banding was applied for 24 hours. Respiratory system mechanics
were measured, BAL was performed, and lung sections were evaluated for histological features of lung injury.

Results: LPS inhalation increased BAL cellularity, mainly neutrophils (p < 0.001 to ctr), total protein and IL-6 in BAL (p < 0.001 and
p <0.001, respectively) and increased the lung injury score (p = 0.001). Lung mechanics were not altered. Adding RB to inhaled LPS
further increased BAL cellularity (p < 0.001 to LPS inh.), total protein (p = 0.016), lung injury score (p = 0.001) and increased TNFa
levels in BAL (p = 0.011). Intraperitoneal LPS increased BAL cellularity, mainly macrophages (p < 0.001 to ctr.), total protein levels
(p = 0.017), decreased static compliance (p = 0.004) and increased lung injury score (p < 0.001). Adding RB further increased
histological features of lung injury (p = 0.022 to LPS ip).

Conclusion: Resistive breathing exerts synergistic injurious effects when combined with inhalational LPS-induced lung injury, while
the additive effect on extrapulmonary lung injury is less prominent.
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Introduction

COPD exacerbations are devastating episodes in the natural course of the disease, leading acutely to increased morbidity and
mortality.1 Moreover, in COPD, the rate of exacerbations has been correlated with an accelerated decline in lung function.”
Although the mechanism for this association is not determined, increased lung and systemic inflammation during an
exacerbation could promote long term lung functional decline in COPD patients, especially in frequent exacerbators.’
A frequent cause of COPD exacerbation is pulmonary infection with Pseudomonas aeruginosa, especially in patients with
severely impaired lung function, bronchiectasis and in COPD exacerbations leading to mechanical ventilation.* In general,
COPD exacerbations are characterized by increased airway inflammation and the bacterial load during COPD exacerbations
has been also associated with augmented pulmonary inflammation.’
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Resistive breathing, ie breathing through increased airway resistance, leading to severe airflow limitation and hyperinfla-
tion, is the main characteristic of the pathophysiology of COPD exacerbations. Forceful contractions of the diaphragm during
resistive breathing are associated with large negative intrathoracic pressures that together with hyperinflation lead to increased
mechanical stress, imposed on the lung.” We have shown that resistive breathing through tracheal banding (as a model of
severe airway obstruction) induces acute lung injury and inflammation, possible due to exposure of the lung to increased
mechanical stress.® The aforementioned study was performed in previously healthy animals and whether resistive breathing
could augment pulmonary inflammation in mice suffering an underlying inflammation due to prior pulmonary lipopolysac-
charide (LPS) exposure, as would be more clinically relevant, is unknown.

COPD exacerbations are a frequent cause of hospitalizations in intensive care units, where the incidence of
nosocomial infections with gram-negative bacteria, such as Pseudomonas aeruginosa, is high, leading to sepsis and
indirect lung injury.” Again, whether the mechanical consequences of a COPD exacerbation, could have an additive
effect on pulmonary inflammation, following a systemic exposure to LPS has not been tested before.

Therefore, we hypothesized that resistive breathing could have a synergistic effect on pulmonary inflammation and
injury, when combined to either inhale of systemic exposure to endotoxin (LPS) from Pseudomonas aeruginosa bacteria. To
achieve our aim, we have combined our model of severe airway obstruction (via tracheal banding) with the model of
endotoxin exposure, administered either as an aerosol (direct pulmonary insult) or intraperitoneally (systemic — secondary
pulmonary insult).

Methods

Animals
Male C57BL/6 mice [8—12 weeks old (Biomedical Sciences Research Center “A. Fleming”)] were housed in a 12-hour day/
night cycle and had an ad libitum access to water and food. The number of animals per group is stated in figure legends.

Endotoxin Exposure
Two independent sets of experiments were performed with lipopolysaccharide (LPS) from Pseudomonas aeruginosa
serotype 10 (Sigma-Aldrich) being administered either through inhalation (aerosol challenge) or intraperitoneally.

Aerosol Administration (Inhalational)

An LPS solution was prepared (10 mg/3 mL in sterile normal saline) and was administered over a 20-min period in
a nebulization chamber under continuous oxygen flow, as previously described.'® Animals exposed to nebulized sterile
normal saline alone were used as control.

Intraperitoneal Administration

LPS was administered via an intraperitoneal injection (10 mg/kg) in sterile normal saline. This dose was based on a pilot
study (5, 10 and 20 mg/kg ip doses) showing that animals develop significant pulmonary injury with minimal mortality
(data not shown). Animals receiving an equal volume of sterile normal saline alone served as controls.

Animal Model of Resistive Breathing Through Tracheal Banding
Animals were anaesthetized [ketamine (90 mg/kg) and xylazine (Smg/kg) ip], an incision was performed in the anterior
cervix and the trachea was exposed. Then, the diameter of the trachea was measured using a caliber gauge through
a surgical microscope (Zeiss Inc.). Following, a new perimeter of the trachea was calculated that corresponds to a total
surface area, reduced to half of the initial, and a nylon band of the pre-specified length was sutured around the trachea, to
provoke resistive breathing.® The animals recovered from the anesthesia and returned to their cage.

The animals underwent tracheal banding 30 minutes following inhalation or intraperitoneal LPS (or sterile normal
saline-control) administration and resistive breathing lasted for 24h in total. Sham operation included anesthesia and skin
incision, but no band placement.
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Respiratory System Mechanics

A small animal ventilator (FlexiVent, Scireq) was employed to estimate the mechanics of the respiratory system at the
end of the resistive breathing session. The animals received a dose of anaesthesia [ketamine (90 mg/kg) and xylazine
(10 mg/kg)] and a tracheal tube was inserted to the trachea, after removal of the nylon band. The dynamic compliance
and the total respiratory system resistance were measured (single compartment linear model,!' values reported are the
average of 3 snapshot perturbations). Prior to measurements, a deep inspiration in the ventilator, pressure-limited to 30
cmH20, was used to establish the lung volume history and succinylcholine (8 mg.kg ') was administered to inhibit
spontaneous breathing.

Bronchoalveolar Lavage (BAL)

Following the measurement of the respiratory system mechanics, the animals received a further dose of anesthesia and were
sacrificed by vena cava dissection (exsanguination). Then, the thoracic cavity was opened, the left main bronchus was temporally
ligated, and BAL was performed at the right lung with 3 aliquots of 0.5 mL normal saline. BAL fluid was centrifuged (300xg,
5 min, 4°C), the cell pellet was resuspended, and the BAL fluid supernatant was stored at —80°C for further analysis.

Total Protein in BAL Fluid

The total protein levels in the BAL fluid supernatant were estimated with a colorimetric protein assay (BioRad). Standard

curves were created using bovine serum albumin.

Cell Count (Total — Differential)

After BAL fluid centrifugation, the cell pellet was diluted in 1 mL normal saline and the total cells were counted.
Following, May-Griinwald-stained cytospins were prepared to measure the percentages of macrophages, neutrophils,
lymphocytes and eosinophils/basophils. Eosinophils/basophils were omitted from analysis, due to minimal counts.

Cytokine Levels in BAL Fluid

IL-6 and TNF-a protein levels, central cytokines in the pathogenesis of acute lung injury, were estimated in samples of
BAL fluid supernatant by ELISA (DuoSet, R&D Systems).

Lung Histology

Following BAL, the right main bronchus was ligated, and the right lung was removed, and the left lung was fixed with
4% formaldehyde under 20 cm H2O pressure. Haematoxylin and eosin-stained lung tissue sections were prepared, and
a lung injury score was determined, as previously described.'? Briefly, (i) focal alveolar membrane thickening, (ii)
capillary congestion, (iii) intra-alveolar haemorrhage, (iv) interstitial and (v) intra-alveolar leukocyte infiltration were
evaluated and scored from 0 to 3 based on their absence (0) or presence to a mild (1), moderate (2), or severe (3) degree.
Moreover, the mean linear intercept (Lm) was estimated, as previously described by our group.'® Briefly, 4 random
optical fields were selected per lung tissue section, avoiding large vessels or airways. Then, seven equally distributed
horizontal lines were superimposed on each field, using the Image]J software. The total length of each line of the grid was

divided by the number of alveolar intercepts, to provide the mean linear intercept (Lm).

cGMP Measurement

cGMP levels were measured in the BAL fluid, as previously described by our group.'® Briefly, following BAL collection, cells
were pelleted and incubated in Hanks’ balanced salt solution for 15 min and then lysed with 0.1 N HCl. cGMP levels were
analyzed in the extracts using a commercially available enzyme immunoassay kit (Direct cGMP Elisa Kit; Enzo Life
Sciences), according to the manufacturer’s instructions. cGMP values were normalized per milligram of total protein.
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Statistical Analysis

Data are presented as mean + standard error of the mean. The one-way analysis of variance (ANOVA) was used for statistical
analysis and when significant, with Fisher’s least significant difference (LSD) test for post hoc comparisons (Statistica Software,
StatSoft). Analysis of the histological data was performed with the non-parametric Kruskal-Wallis ANOVA. When significant,
between two group comparisons were performed with the Mann—Whitney U-test and a Holm—Bonferroni method was followed
to correct for multiple comparisons. A p <0.05 is considered as statistically significant. For all measurements (except BAL fluid
cytokine levels), sham operated or tracheal banding groups that received normal saline, either inhaled or intraperitoneally, were
pooled into one group.

Results

The Effect of Resistive Breathing on BAL Cellularity Following Endotoxin Exposure

LPS aerosol exposure resulted in a significant increase of the total cell count in BAL fluid (p < 0.001 to ctr, Figure 1), due to
raised neutrophil numbers (p <0.001 to ctr) (differential cell percentages are presented in Table 1). Superimposed RB for 24h on
LPS aerosol exposure significantly augmented both macrophage (p < 0.001 to LPS inh) and neutrophil count (p = 0.004 to LPS
inh). Total cell count in BAL fluid was increased following intraperitoneal LPS exposure (p < 0.001 to ctr), caused by increased
macrophage numbers (p < 0.001 to ctr). RB for 24h did not affect BAL cellularity following LPS ip exposure. Lymphocyte
count was not affected by either LPS aerosol exposure (ANOVA, p = 0.185), or LPS ip administration (ANOVA, p = 0.354).

The Effect of Resistive Breathing on Total Protein Levels in BAL Fluid Following

Endotoxin Exposure

Total protein levels in BAL fluid, an indirect marker of lung permeability,'* were increased by LPS aerosol inhalation
(p < 0.001 to ctr) (see Figure 2). Combining 24h of RB plus LPS aerosol resulted in an additive effect on total protein
levels in BAL fluid (~35% increase, p = 0.016 to LPS inh). Combining RB and LPS ip exposure did not result in
a significant change in total protein levels in BAL fluid, in comparison to each treatment alone.

The Effect of Resistive Breathing on Respiratory System Mechanics Following

Endotoxin Exposure

As we have previously reported, resistive breathing alone resulted in decreased respiratory system compliance and increased
total resistance, a finding supporting the presence of acute lung injury (p = 0.009 and p = 0.01 to ctr, respectively). LPS
inhalation did not affect respiratory system mechanics, neither dynamic compliance nor total resistance, either alone or after
combining with resistive breathing (Figure 3). In contrast, intraperitoneal LPS resulted in decreased compliance and increased
resistance of the respiratory system (p = 0.004 and p = 0.01 to ctr, respectively), although no synergy was observed when
combined with resistive breathing.

The Effect of Resistive Breathing on BAL Fluid Cytokine Levels Following Endotoxin

Exposure

As expected, inhaled LPS resulted in a significantly raised IL-6 protein level in BAL fluid compared to control (p < 0.001),
however combining RB and LPS did not result in augmented IL-6 levels (p = 0.14 to LPS inhalation). In contrast, the addition of
resistive breathing to LPS inhalation increased TNFa levels in BAL fluid, compared to endotoxin alone (~3-fold, p=0.011) (see
Figure 4). Intraperitoneal administration of LPS did not affect TNF or IL-6 in BAL fluid, under our experimental settings [TNFa
(pg/mL) control 2.74 + 1.34, LPS ip 1.84 + 0.45, p = 0.55, IL-6 (pg/mL) control 4.89 + 1.12, LPS ip 9.68 £ 2.10, p = 0.15].

The Effect of Resistive Breathing on Histological Features of Lung Injury Following

Endotoxin Exposure
Adding resistive breathing to LPS administration significantly increased the total lung injury for both inhalation (p = 0.001) and
intraperitoneal (p = 0.022) LPS administration (see Figure 5). Regarding the individual histological features, resistive breathing
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Figure | BAL cellularity following resistive breathing and endotoxin exposure. Increased total cell count in BAL fluid was noticed following LPS inhalation (A), due to
infiltration of neutrophils. Combined resistive breathing and inhaled LPS further increased total cell number, due to rise of both macrophages (B) and neutrophils (C). In
contrast, combination of RB and intraperitoneal LPS did not cause a further increase in total cell numbers, compared to each treatment alone. Data presented as mean +
sem, with overlapped data points, n=7—13 per group, *p<0.05 to ctr, p<0.05 to LPS inh.
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Table | Differential Cell Percentage in BAL Fluid Following Either Aerosol
(Inhalation) or Intraperitoneal Endotoxin (LPS) Administration and the
Synergistic Effect of Resistive Breathing (RB)

Macrophage (%) | Neutrophils (%) | Lymphocytes (%)
ctr 95.96 + 1.30 1.66 + 0.74 1.92 £ 0.75
RB 92.95 £ 1.96 331 £ 141 251 £0.98
LPS inh 833 = | 4I* 90.67 * 1.32% 0.50 £ 0.25
LPS inh + RB 20.97 + 2.72% 76.75 + 3.07+* 1.26 + 0.64
LPS ip 98.59 £ 0.75 1.06 + 0.68 0.36 £ 0.15
LPS ip + RB 9841 £ 0.25 1.26 + 0.14 031 +£0.13

Notes: Data presented as mean * sem, n=7—13 per group, *p<0.05 to ctr, #p<0.05 to LPS inh.

added to inhalation LPS administration mainly increased interstitial and intra-alveolar leukocyte infiltration, while when added to
intraperitoneal LPS administration, RB augmented capillary congestion and interstitial leukocyte infiltration (for a complete
description of histological indices of lung injury please see Table 2). No statistically significant difference was detected for the
mean linear intercept (Lm), neither after inhaled nor after intraperitoneal LPS exposure (ANOVA, p = 0.74 and p = 0.30,
respectively, Table 3).

The Effect of Resistive Breathing on cGMP Levels Following Endotoxin Exposure
Combining resistive breathing with inhalational LPS exposure caused a synergistic reduction in cGMP levels, compared
to LPS alone (p = 0.04) (Figure 6). On the contrary, the reduction in cGMP levels following addition of RB to
intraperitoneal LPS was not statistically significant, compared to LPS alone (p = 0.11).

Discussion
The key outcome of our study is that resistive breathing exaggerates pulmonary inflammation and injury caused by either
inhaled or intraperitoneally administered LPS, with the more significant synergistic effect being noticed in inhalational
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Figure 2 BAL total protein levels following resistive breathing and endotoxin exposure. Increased total protein in BAL fluid was noticed following LPS inhalation. Combining
resistive breathing with inhaled LPS caused a further increase of total protein. LPS ip also increased protein levels in BAL fluid, however, a combination of RB and
intraperitoneal LPS did not cause a further rise. Data presented as mean  sem with overlapped data points, n=5-9 per group, ¥p<0.05 to ctr, *p<0.05 to LPS inh.
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Figure 3 Respiratory system mechanics following resistive breathing and endotoxin exposure. Resistive breathing alone was associated with increased resistance (A) and
decreased dynamic compliance (B), compared to control. Inhalation of LPS did not result in a derangement of respiratory system mechanics. In contrast, ip LPS increased

resistance and decreased dynamic compliance, although no synergy was observed, when combined with resistive breathing. Data presented as mean * sem with overlapped
data points, n=5—11 per group, *p<0.05 to ctr.

Resistive breathing is amongst the main pathophysiological features of obstructive airway diseases, such as COPD,
especially in severe stable state and while on exacerbation. In stable COPD, mainly due to cigarette smoke exposure,
small airway inflammation and remodelling and loss of alveolar attachments results in airway obstruction and airflow
limitation'>"'® During exacerbations, excessive inflammation triggered by various stimuli, including bacterial infections,
exaggerates airflow limitation leading to resistive breathing.® RB results in severe mechanical stress on the lung, due to
forceful contractions of the diaphragm to overcome increased resistance, that causes more negative intrathoracic
pressures and/or the presence of hyperinflation, due to raised expiratory resistance.” Although increased mechanical
stress has been clearly shown to promote lung injury, especially during the application of mechanical ventilation,'” the
significance of mechanical forces in the natural course of airway diseases is largely unknown. Indeed, recent data have
suggested that mechanical stress may promote the progress of COPD.'®

We have shown in a series of studies that the induction of resistive breathing (to mimic severe airway obstruction)
provokes pulmonary inflammation and injury.*'® However, since these studies were performed in previously healthy

animals, the effect of resistive breathing in the presence of acute inflammation, such as during an infectious exacerbation,
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Figure 4 Protein levels of inflammatory cytokines in BAL fluid following resistive breathing and inhalational LPS administration. Inhalation of LPS caused a significant increase
in IL-6 level in the BAL fluid that was not further increased by resistive breathing (A). On the other hand, combining RB with inhaled LPS resulted in a significant synergy in
TNFa protein levels in BAL fluid, compared to LPS alone (B). Data presented as mean + sem with overlapped data points, n=5-12 per group, ¥p<0.05 to ctr, *p<0.05 to LPS
inh.

is largely unknown. Pseudomonas aeruginosa infection is a common cause of a COPD exacerbation,”® especially
amongst severe patients®’ and bacterial colonization is associated with increased frequency of COPD exacerbation.”
The net outcome is an augmentation of systemic and pulmonary inflammation during a COPD exacerbation, compared to
baseline.”

Our results showed that combining resistive breathing with inhalational LPS exposure resulted in a significant
increase in pulmonary inflammation. As expected, LPS exposure induced neutrophilic inflammation that was further
augmented when combined with resistive breathing. Interestingly, when resistive breathing was added to LPS exposure,
the macrophage number also increased, compared to inhaled LPS alone. In accordance, Rizzo et al reported increased
BAL neutrophilia, when intratracheal LPS was combined with raised mechanical stress applied to the lung, through high
tidal volume mechanical ventilation.** As previously reported, inhaled LPS induced the expression of proinflammatory
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Figure 5 Histological evidence of lung injury following resistive breathing and endotoxin exposure. Upper: Combining resistive breathing with LPS exposure, either inhaled
or intraperitoneal, resulted in a significant augmentation of histological lung injury, compared to each exposure alone. Lower: Representative figures of H&E-stained lung
tissue sections (x400 magnification) from all experimental groups. Please note the significant augmentation of lung injury when RB was combined to LPS inhalation (mainly
due to increased interstitial and intra-alveolar leukocyte infiltration) and to LPS ip exposure (mainly due to increased interstitial leukocyte infiltration and capillary
congestion). Data presented as mean + sem with overlapped data points, n=7—15 per group, *p<0.05 to ctr, *p<0.05 to LPS inh, "p<0.05 to LPS ip.
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Table 2 Histological Features of Lung Injury Following Either Aerosol (Inhalation) or Intraperitoneal Endotoxin (LPS)
Administration and the Synergistic Effect of Resistive Breathing (RB)

ctr RB LPS inh LPS inh + RB LPS ip LPS ip + RB
Focal Thickening 0.07 £0.07 | 1.13 £0.08* | 1.50 £ 0.17* 1.93 + 0.22% 1.69 £ 0.19% | 1.79 £ 0.15*
Capillary Congestion 037%0.12 | 1.37£0.12% | 140 £0.16 * 1.43 + 0.14* .13 £0.16% | 1.79 £0.18*"
Intra-alveolar Hemorrhage 0.03 £0.03 | 1.07 £0.15* | 0.50 + 0.17*% 0.71 £ 0.22% 2.06 £ 0.22% | 2.29 £ 0.10*
Interstitial Leukocyte infiltration 0072007 | 093 +0.11* | 140 £ 0.16% | 221 £0.11 ¥ | 113 £021* | 221 +0.18¢"
Intra-alveolar Leukocyte infiltration | 0.00 + 0.00 | 0.20 £ 0.10% | 1.00 + 0.00* 1.71 £ 0.16% 0.13 +0.13 0.07 + 0.07
Total 053019 | 470 £+ 0.37% | 580 + 0.33% | 800 047+ | 6.13 £ 0.60% | 8.14 + 0.46*"

Notes: Data presented as mean  sem, n=7—15 per group, ¥p<0.05 to ctr, *p<0.05 to LPS inh, Ap<0.05 to LPS ip.

Table 3 Mean Linear Intercept (Lm) of Lung
Tissue Sections Following Either Aerosol
(Inhalation) or Intraperitoneal Endotoxin
(LPS) Administration and the Effect of
Resistive Breathing (RB)

Lm (pm)
ctr 38.70 + 1.30
RB 3668+ 1.16
LPS inh 37.86 + 1.05
LPS inh + RB 368 +2.14
LPS ip 36.1 % 1.45
LPS ip + RB 353 + 1.09

Note: Data presented as mean + sem, n=5 per group.

cytokines in BAL fluid, including IL-6 and TNF-a in vivo,”>?® and in vitro, treatment with LPS resulted in increased
expression of IL-6 and TNF-a in both macrophages and neutrophils.”” Our data suggest that resistive breathing exerts
a synergistic effect by augmenting pro-inflammatory cytokine expression in the lung in combination with LPS exposure.

The increased levels of total protein in BAL fluid suggest that combining resistive breathing with inhaled LPS also
aggravated the derangement of lung permeability, although it must be acknowledged that the total protein level in BAL
fluid is an indirect and not specific marker of lung epithelial permeability.”® This is in accordance with a previously
presented study in mice, where a “two-hit” model of lung injury was established by combining LPS or acid (HCL)
intratracheal exposure and increased mechanical stress applied to the lung, through high tidal volume ventilation.>
Exposure to LPS aerosol alone was not associated with a derangement in the mechanical properties of the respiratory
system in our experimental settings. In contrast, resistive breathing, as has been previously shown by our group,® resulted
in decreased compliance. When combined with RB, inhaled LPS numerically decreased the dynamic compliance of the
respiratory system, probable to the greater increase in alveolar-capillary permeability, compared to LPS alone, although
this finding did not reach statistical significance (p = 0.09).

Regarding the histological analysis, adding resistive breathing to LPS-induced lung injury significantly increased
neutrophil infiltration in the lung. Although our study has the limitation that it did not investigate the underlying
molecular mechanism for the increase in pulmonary inflammation, some assumptions can be made. Interestingly, both
inhaled LPS and resistive breathing have been shown to reduce soluble guanylyl cyclase (sGC) levels in the lung and in
both models further pharmaceutical inhibition of sGC, led to augmentation of lung injury.®'® Thus, it is plausible that
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Figure 6 cGMP levels following resistive breathing and endotoxin exposure. As previously described by our group, both RB and LPS exposure reduced cGMP levels in BAL,
relative to control values. Combining RB with inhaled LPS caused a significant further reduction in cGMP levels, compared to LPS alone, an effect that was not seen when RB
was added to intraperitoneal LPS. Data presented as mean = sem with overlapped data points, n=5-6 per group, *p<0.05 to LPS inh.

combining resistive breathing with LPS exposure could lead to further inhibition of the sGC pathway and worse
outcomes. Indeed, combining RB with LPS resulted in a further reduction in cGMP levels in the BAL, compared to
LPS alone, although this effect was statistically significant only for inhalational LPS exposure. Moreover, in vivo,
expression microarray analysis revealed that when intratracheal LPS exposure was combined with mechanical stress, the
great percentage of highly expressed genes belonged to the inflammatory/immunity cascade.*®

The combination of intraperitoneal endotoxin with resistive breathing resulted in a modest synergy, as shown by the
histological analysis ie, increased capillary congestion and interstitial leukocyte infiltration in the combined group. In
contrast, no synergy was detected in lung permeability, BAL cellularity and derangement of mechanics. Although a direct
comparison between inhaled and systemic (intraperitoneal) administration of LPS is out of scope of our study, differences
in the features of acute lung injury between the two models (eg, the lack of intra-alveolar neutrophils in systemic LPS
exposure) may account for the differential additive effect of resistive breathing. Previously, in contrast to our results,
Altemeier et al reported that combining systemic endotoxin administration (intravenous LPS) with mechanical ventilation
results in augmented cytokine production in the lung and altered lung permeability, compared to LPS i.v. alone.*'

The development of a “two-hit” animal model allows a better simulation of complex clinical states, such as the COPD
exacerbation. Hitherto, LPS exposure has been combined with models of stable COPD, such as cigarette smoke exposure, to
investigate the effects of acute LPS exposure on lung inflammation and emphysema, given the central role of smoking in lung
functional decline in COPD.*? In mice, the combination of sub-acute exposure to cigarette smoke and intratracheal instillation
of LPS resulted in augmented pulmonary inflammation.>* Moreover, combination of a single dose of intratracheal LPS with
elastase exposure resulted in worsening of pulmonary inflammation in mice and subsequently augmented emphysema
progression.** Interestingly, da Fonseca et al found a synergy between elastase and LPS in pulmonary inflammation, even
when LPS was administered intraperitoneally in the same dose, as in our model.** To our knowledge, our study is the first to
combine LPS exposure with resistive breathing. Although, tracheal banding is clinically more relevant to upper airway
obstruction, the mechanical consequences of resistive breathing ie, increased airway resistance and forceful contractions of the
respiratory muscles, leading to large negative intrathoracic pressures,'* may provide useful insights for the pathophysiology of
COPD exacerbations.

In conclusion, our findings suggest that combining LPS with a model of severe airway obstruction aggravates
pulmonary inflammation and injury, mainly in intrapulmonary LPS administration, while in systemic LPS exposure,

the effect is modest.
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