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Editorial on the Research Topic
Protecting the Acutely Injured Lung: Physiologic, Mechanical,
Inflammatory, and Translational Perspectives

Introduction

Our Research Topic broadly reviewed multiple facets of treating the critically ill
patient with acute lung injury (ALI) (Figure 1). There were nine papers discussing various
aspects of protecting the acutely injured lung from ventilator induced lung injury (VILI),
three papers covered inflammatory characteristics, three treatment strategy papers
including veno-venous extracorporeal membrane oxygenation (vv- ECMO), gene
therapy, and the physiology associated with successful and unsuccessful clinical trials
on patients with ALL Lastly, there was one paper reviewing lung fluid balance in the
normal and acutely injured lung.

Protective mechanical ventilation

Acute respiratory distress syndrome (ARDS) was first identified in 1967 but remains a
significant medical problem today (Ashbaugh, Bigelow et al., 1967). Fifty-five years later, the
only treatments for ARDS are supportive, mainly in the form of mechanical ventilation (MV)
(Matthay, Zemans et al.,, 2019). Unfortunately, inappropriately set MV can inadvertently cause
VILL, significantly increasing ARDS-related mortality (Del Sorbo, Goligher et al., 2017) and
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Treatment of the patient with acute lung injury (ALI) in the modern intensive care unit is extremely complex. Mechanical ventilation must be
adjusted to maintain life supporting oxygenation and ventilation without causing an unintended ventilator induced lung injury (VILI). The impact of
ventilation pressures must also be weight against the possible negative effect on hemodynamics including arterial blood pressure and cardiac output,
which are supported with fluid resuscitation and vasoactive agents/inotropes. Currently, no pharmacologic treatments are available for the ALI
patient, but development of drugs and gene therapy designed to reduce systemic inflammation, preserve air-blood barrier integrity, and remove
edema from alveoli continues. Continuous renal replacement therapy (CRRT) can be used for acute kidney failure and can be combined with novel
strategies to remove inflammatory cytokines and other mediator from the blood. Great advancements have been made in treating the ALl patients
but much more work needs to be done, with the hope of significant breakthroughs in the near future.

the quest for a ventilator mode and method to minimize VILI is still
being intensely studied. (Pelosi, Ball et al,, 2021).

Rola and Daxon conducted a case series on COVID-19 induced
ARDS (CARDS) patients. They showed that the time controlled
adaptive ventilation (TCAV™) method to set and adjust the airway
pressure release ventilation (APRV) mode was highly effective at
stabilizing and then gradually reopening the collapsed and edema
filled lungs of CARDS patients. The TCAV™ method [developed by
Nader M. Habashi](Habashi 2005) is both personalized and
adaptive and is the most studied method to set and adjust APRV
(Nieman et al.). TCAV uses inspiratory and expiratory time to
rapidly stabilize and then gradually open collapsed tissue over hours
or days (Kollisch-Singule et al.). They showed the efficacy of this
Stabilize Lung Approach (SLA) approach in CARDS patients using
chest X-rays, ventilator parameters, and arterial blood gases (ABGs).
They also discussed physiologic mechanisms for TCAV efficacy, fine
points of TCAV settings, and complexities of training an entire
intensive care unit (ICU) team on TCAV™ use. Lastly, they
discussed the problem of the “apparent cure” when TCAV™ has
a patient’s lung fully recruited with near normal ABGs and
respiratory system compliance (Crs) such that they no longer

Frontiers in Physiology

meet the Berlin defined ARDS. If these patients are converted
back to conventional mechanical ventilation (CMV) the lungs
may rapidly re-collapse. (Nieman, Andrews et al, 2018). They
presented a case in which a CARDS patient with a TCAV™-
induced open lung (“apparent cure”) was converted back to
CMYV and the lungs quickly derecruited.

APRYV is controversial due to many publications discussing
the harmful components of the mode without scientific support.
Andrews et al. published an extensive review of 10 APRV Myths
and Misconceptions, which are debunked using significant
supporting scientific literature. Some of the discredited myths
discussed include APRV can cause barotrauma, generates high
tidal volumes, and creates unsafe auto-PEEP. The paper closes
with a discussion on misconceptions dealing with APRV clinical
trials. By exposing the truth concerning the physiologic impact of
APRYV, clinicians may better understand the mode leading to
more effective use and improved patient care.

Suarez-Sipmann et al. used expired CO, kinetics to personalize
lung protective ventilation for ARDS patients. Volumetric
capnography (Vcap) that represents the volume of expired CO,
in one signal breath can inform clinicians about pulmonary

frontiersin.org
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perfusion, end-expiratory lung volume, dead space and ventilation
inhomogeneities. Recent work has shown that Vcap can possibly be
used to continuously measure end-expiratory lung volume (EELV),
lung strain, and effective pulmonary blood flow. The ability to
measure all of the above at the bedside would be an incredible tool in
the clinicians’ treatment options. Using these parameters, the
clinician can modify the ventilator mode and the method
necessary to maximize EELV and minimize lung strain that is
individualized to each patient. With future development Vcap
might be able to optimize lung protective ventilation strategies
and reduce VILI-related mortality.

Most protective ventilation research efforts use CMV modes
adjusting tidal volume (V) and positive end expiratory pressure
(PEEP) with and without recruitment maneuvers (RM), in an
attempt to reduce VILL Ismaiel et al. used CMV in a rat ARDS
model to differentiate the pathophysiologic impact of mechanical
and inflammatory injury as VILI mechanisms. They showed that
low tidal volume (LVr) strategy reduces VILI by limiting mechanical
damage, while hypercapnia limits pro-inflammatory and
biochemical mechanisms of injury. They close by suggesting that
LVt combined with hypercapnia may work synergistically to
reduce VILL

A review of protective MV for the pediatric ARDS (PARDS)
patient by Kollisch-Singule et al. discussed both traditional and
novel modes of MV including APRYV, high frequency oscillatory
ventilation (HFOV), high frequency percussive ventilation
(HFPV), and high frequency jet ventilation (HFJV).
Unfortunately, results of this review show no consistent
outcomes among modes, nor does it identify an optimal
ventilator mode or method for the PARDS patient. They
concluded that only high quality randomized controlled trials
(RCTs) would be able identify if an optimal ventilation strategy
does exist for the PARDS patient but caution that these trials are
very difficult to conduct.

An extensive review of the HFOV mode was conducted by
Miller et al. The review covers HFOV theory of operation,
mechanics, and characteristics of all ventilators that can deliver
the mode. Evidence of HFOV efficacy from bench models, animal
studies and in both adult and pediatric patients are reviewed in
detail. Although the physiologic rationale for HFOV is sound with
many positive animal studies, the mode has lost popularity with both
adult or pediatric patients following the failed 2013 OSCAR and
OSCILLATE clinical HFOV RCTs (Ferguson, Cook et al., 2013;
Young, Lamb et al.,, 2013). Possible reasons for the poor outcomes
are discussed. There is continued study using HFOV in pediatric
patients but the current RCTs are low quality. Since the mode is
difficult to use it was suggested that staff education and competency
are critical in future study.

In a crossover clinical trial in 20 patients with mild to moderate
ARDS, Ball et al. studied the impact of multiple levels of variable
pressure support ventilation (VPSV) on short term lung function. It
has been shown that vPSV, compared with PSV, can improve
oxygenation and patient-ventilator synchrony, but these studies
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were conducted using only one variability level at a fixed
pressure support. In this study the addition of multiple levels of
variability did not improve oxygenation and high variability levels
increased patient-ventilator synchrony.

Accurate measurements of lung compliance (C;) and driving
pressure (AP) are critical when managing ventilator settings on
patients with ARDS, which are often measured clinically using
plateau pressure (Pplat). Although this ‘stop flow’ condition is
valuable and universally accepted, it may underestimate the
maximum stress that occurs in lung tissue under dynamic
conditions. Tawfik et al. compared the static measurement of
Cp and AP with another static method and two dynamic
compliance measurement methods. The other static method
to calculated C; and AP the pressure at zero flow and the two
dynamic methods used the inspiratory slope during inflation
with a constant flow and the expiratory time constant method.
They found that the static measurement using Pplat may
underestimate the maximum pressure exposed to lung tissue
during dynamic inflation. Whereas the static method using zero
flow and the dynamic method using inspiratory slope gave a truer
estimate of maximum pressure exposed to alveoli. This pilot
study suggests further studies are necessary to identify the
optimal method to measure C; and AP necessary to improve
patient outcomes.

Mechanical ventilation for patients with ALI can lead to
(VIDD)
(Vassilakopoulos and Petrof 2004). Currently, ultrasound and

ventilator induced diaphragmatic  dysfunction
invasive phrenic nerve stimulation are the only bedside tools
available to monitor diaphragm function and VIDD. Spadaro
et al. measured fast and slow isoform of troponin I (fsTnL and
ssTnl, respectively), which are specific markers of skeletal muscle
damage. The goal was to identify the trend of skeletal troponin
during weaning and compare it with fsTnL and ssTnl levels with
diaphragmatic ultrasound in healthy volunteers. They found that
fsTnL and ssTnl have specific and different trends during
weaning with the fsTnL decreasing during the early phase of
weaning, while high initial values of ssTnl were correlated with a
larger diaphragmatic displacement over time. More work is
necessary to identify if these markers can be used to identify
diaphragm function in ALI patients.

Inflammation and biotrauma

There are three major mechanisms of VILL: Atelectrauma
(alveolar recruitment/derecruitment-R/D), volutrauma (alveolar
(excessive  release  of

overdistension), and biotrauma

inflammatory mediators caused by atelectrauma and
volutrauma). Dysregulation of the renin-angiotensin system
(RAS) is associated with both the development of ARDS and
a known mechanism of VILI (Wang, Chai et al,, 2019). Krenn
et al. reviewed the impact of mechanical ventilation on RAS in

the patients with ARDS with the intent of discovering novel

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphys.2022.814968/full
https://www.frontiersin.org/articles/10.3389/fphys.2021.805620/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.813478/full
https://www.frontiersin.org/articles/10.3389/fphys.2021.725738/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.773010/full
https://www.frontiersin.org/articles/10.3389/fmed.2021.770408/full
https://www.frontiersin.org/articles/10.3389/fmed.2021.770408/full
https://www.frontiersin.org/articles/10.3389/fphys.2021.806062/full
https://www.frontiersin.org/articles/10.3389/fphys.2021.806062/full
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1009294

Nieman et al.

biomarkers and possible therapeutic targets (Krenn et al.). Many
clinical trials have been conducted using RAS-modifying drugs in
mechanically ventilated ARDS patients and patients with other
medical issues, that resulted in positive outcomes. These positive
studies suggest RAS-modifying drugs maybe effective treatment
of both the primary cause of ARDS as well as the secondary VILI
that is associated with increased ARDS-related mortality.
ARDS can cause a massive release of inflammatory mediators
“cytokine
hyperinflammatory response can lead to increase pulmonary

often referred to as the storm”.  This
microvascular permeability resulting in alveolar flooding with
edema, a hallmark of ARDS lung pathology. There is growing
evidence that cell-based therapies (mesenchymal stem cells) have
therapeutic efficacy for ARDS (Lopes-Pacheco, Robba et al.,
2020). Izrael et al. tested the treatment effect of human
astrocytes therapy (AstroRx) in an endotoxin mouse ARDS
model (Izrael et al.). They showed a significant reduction in
multiple inflammatory mediators, improved lung histopathology
and reduced mortality in AstroRx treated mice. This study
demonstrated the immunosuppressive capacity of AstroRx
cells and suggest an innovative ARDS treatment. In addition,
this group is currently evaluating the therapeutic role of AstroRx
in amyotrophic lateral sclerosis patients.

Impaired alveolar macrophage (AM) efferocytosis plays a
role in ARDS pathogenesis, (Huang, Xiu et al., 2018), however,
the ability to test AMs from ARDS patients is limited. Mahida
et al. developed and in vitro model to assess the impact of ARDS
on AMs (Mahida et al.). Normal AMs were harvested from
lobectomy patients and then treated with bronchoalveolar lavage
fluid (BALF) collected from ARDS patients. They found that
ARDS BALF decreased AMs efferocytosis and Racl gene
expression, but phagocytosis was not impaired. These findings
are similar to that found in AMs from ARDS patients suggesting
that this is an effective in vitro model to study the impact of
ARDS on AMs. They also found that Rho-associated kinase
partially resorted AM efferocytosis.

Treatment strategies

Severe ARDS can lead to respiratory failure as well as
hemodynamic collapse, caused by right ventricular (RV) failure.
Clinical options at this point include extracorporeal membrane
oxygenation (ECMO) giving the lung more time to heal. Petit
et al. reviewed the pathophysiology of RV function in ARDS and
some potential treatments to improve function including ventilator
adjustments, prone positioning, nitric oxide (NO) inhalation, and
veno-venous ECMO (VV-ECMO) (Petit et al.). The impact of
ventilator settings on RV failure and acute cor pulmonale was
reviewed extensively. It was concluded that ventilator settings
should be adjusted to a Pplat <27cmH,O, inspiratory rate
increased to reduce PaCO,, limit PEEP level, and optimize O,
delivery not the P/F ratio. They conclude that the RV protective
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approach should be evaluated in a future RCT with ECMO
considered in extreme failure. Integrating the findings from this
study to those by Andrews et al. and Rola and Daxon, pulmonary
vascular resistance (PVR) is minimal at normal EELV
(i.e, functional residual capacity) (Simmons et al, 1961). Thus,
an important protective mechanism of the TCAV™ method may be
to restore normal EELV, reduce PVR, which would improve RV
function by decreasing afterload.

Few pharmacological approaches to treat ARDS are available.
Liu and Dean reviewed the possible use of gene therapy that offers a
highly controlled and targeted strategy to treat acute lung injury at
the molecular level (Liu and Dean). Topics include delivery stategy,
classes of targeted genes, and outcomes on ARDS pathogensis and
resolution. They conclude that no combination of genes is
responsible for ARDS, although several genes have been targeted
up- and downregulation of genes with varying degrees of success.
Early studies focused on increasing the expression of ion channels
and tranporters to accelerate alveolar edema removal and have had
minimal success. Current strategies targeting a reduced
inflammatory response and repair or strengthening the alveolar-
capillary barrier have shown more promise. Greater emphasis
should be placed on studies using more clinically applicable large
animal models designed to treat existing disease. The major
limitation of effective gene therapy remains optimizing the gene
delivery system.

Ultimately, treatment strategies for ALI and ARDS must be
tested in RCTs to identify clinical efficacy. Villar et al. reviewed
the physiologic-based gaps in 14 negative and positive RCT's
(Villar et al.). Treatment strategies used in these RCTs included
adjunct therapies (neuromuscular blockage (NMB) and prone
position), optimal PEEP selection, HFOV, ECMO, and immune
modulators. The findings from their study were as follows:

The ACURASYS trial investigated the hypothesis that by
eliminating spontaneous breathing using NMB would improve
lung mechanics and oxygenation in ARDS patients. However, it
was concluded that NMB is not recommended in moderate to
severe ARDS since patient-ventilator asynchronies increase.
From a physiologic standpoint NMB should be used only if
the patient has a ventilator pattern that could result in VILL

Although the PROSEVA trial is controversial, the prone
position has been shown to be highly effective as an ARDS
treatment. There are 5-mechanisms suggested for the proning-
induced improved oxygenation: (i) increased EELV, (ii) changes
in regional diaphragm motion, (iii) improve ventilation/perfusion
matching, (iv) increased secretion clearance, and (v) the weight of
the heart is removed from the lung. A second clinical trial was
suggested to confirm the large treatment effect seen in the first RCT.

Although there is strong physiologic evidence that
heterogeneous lung collapse is a mechanism driving VILI
there is currently no consensus on the use of RMs to open
the lung nor the method to set PEEP to normalize EELV and
stabilize alveoli. The ART and PHARLAP trials showed no
benefit of RMs with the ART trial showing an increase in
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ARDS related 6-months mortality. The EPVent study using
esophageal-guided PEEP showed no difference in mortality as
compared with the control group. Both studies had numerous
design faults and thus with fine tuning both may 1 day improve
outcomes but currently neither strategy is recommended.

Similar results were found in the EOLIA trial using ECMO
vs. a control group which was stopped early. The main problems
with the study were the expected 20% absolute risk reduction was
unreasonable and 28% of the patients in the control group
crossed over to receive ECMO. Also like the above ART and
EPVent studies another ECMO RCT was recommended with a
lower anticipated absolute risk and no cross over patients.

Inflammation  causing disruption to both pulmonary
endothelium and epithelium resulting in a high permeability
pulmonary edema is a hallmark of ARDS pathophysiology. Thus,
RCTs to reduced inflammation and edema have been conducted.
However, a systematic review showed that there is currently no
pharmacologic intervention that could reduce ARDS mortality
(Santacruz, Pereira et al, 2019). The BALTI-2 study tested
salbutamol as a method to increase alveolar edema clearance and
the HARP-2 tested the anti-inflammatory simvastatin. Salbutamol
actually increased mortality and simvastatin had no effect but like
many of the RCTs discussed above there were serious concerns on
the quality of the data for multiple reasons. The INTEREST trial
tested interferon (IFN) P, which was designed to upregulate
CD73 preventing vascular leakage. There was no reduction in
mortality but once again the study design was flawed. Lastly, the
recent DEXA-ARDS trial for moderate to severe ARDS using
dexamethasone decreased the risk of 60-days mortality by and
absolute 15%, paving the way to using steroids in COVID-19
patients.

This group concludes that future RCT's must be personalized
to subclasses of ARDS patients that are physiologically able to
respond to the treatment therapy. In addition, treatment must be
personalized to the patient’s specific lung physiology and
morphology in order to improve patient outcomes.

Lung fluid balance

Inflammation and biotrauma can increase the permeability of
air-blood barrier (ABB) resulting in pulmonary edema and plays a
major role in both ARDS and VILI pathogenesis. (Del Sorbo,
Goligher et al., 2017; Matthay, Zemans et al., 2019). Beretta et al.
computationally modeled ABB disruption taking into account
Starling forces, surfactant function, and edema safety factors
including: (i) capacity of fluid accumulation on the thick side of
the ABB, (ii) increased interstitial pressure, and (iii) increased lymph
flow (Beretta et al.). This extensive review covers the mechanisms of
ABB disruption, edema development time constants, factors
preventing the development of edema, a “tipping point” in ABB
injury followed by rapid alveolar flooding, and the role of
spontaneous and mechanical ventilation. This study supports
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those of Rola and Daxon study (Rola and Daxon) showing that
the TCAV™ method to set and adjust the APRV mode would favor
reduced edema formation.

Conclusion

The papers in our Research Topic discuss novel and innovative
treatment strategies for the patient with acute lung injury (ALI).
Potential breakthrough methods of protective mechanical
ventilation are discussed. Although there are currently no
pharmacologic therapies for ARDS the recent DEXA-ARDS trial
lends hope that pharmacologic interventions may be available in the
near future. The mechanisms behind ALI-induced loss of lung fluid
balance resulting in edema formation are discussed and analyzed
using computational models. This work ties in with novel ventilation
strategies that may also reduce edema formation. In addition, the
innovative use of gene therapy to remove edema from flooded
alveoli is reviewed. Lastly, success or failure of RCTs designed to treat
ARDS are analyzed form physiologic basis with the goal to identify
which clinical trials should be repeated and how to improve the
quality of future RCTs.
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Background: Impaired alveolar macrophage (AM) efferocytosis may contribute to
acute respiratory distress syndrome (ARDS) pathogenesis; however, studies are
limited by the difficulty in obtaining primary AMs from patients with ARDS. Our
objective was to determine whether an in vitro model of ARDS can recapitulate
the same AM functional defect observed in vivo and be used to further investigate
pathophysiological mechanisms.

Methods: AMs were isolated from the lung tissue of patients undergoing lobectomy
and then treated with pooled bronchoalveolar lavage (BAL) fluid previously collected
from patients with ARDS. AM phenotype and effector functions (efferocytosis and
phagocytosis) were assessed by flow cytometry. Rac1 gene expression was assessed
using quantitative real-time PCR.

Results: ARDS BAL treatment of AMs decreased efferocytosis (p = 0.0006) and
Rac1 gene expression (p = 0.016); however, bacterial phagocytosis was preserved.
Expression of AM efferocytosis receptors MerTK (p = 0.015) and CD206 (p = 0.006)
increased, whereas expression of the antiefferocytosis receptor SIRPa decreased
following ARDS BAL treatment (p = 0.036). Rho-associated kinase (ROCK) inhibition
partially restored AM efferocytosis in an in vitro model of ARDS (o = 0.009).

Conclusions: Treatment of lung resection tissue AMs with ARDS BAL fluid induces
impairment in efferocytosis similar to that observed in patients with ARDS. However, AM
phagocytosis is preserved following ARDS BAL treatment. This specific impairment in
AM efferocytosis can be partially restored by inhibition of ROCK. This in vitro model of
ARDS is a useful tool to investigate the mechanisms by which the inflammatory alveolar
microenvironment of ARDS induces AM dysfunction.

Keywords: ARDS (acute respiratory disease syndrome), alveolar macrophage (AM), efferocytosis, BAL
(bronchoalveolar lavage), Rac1, Rho-associated kinase (ROCK) inhibitor
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INTRODUCTION

Acute respiratory distress syndrome (ARDS) is an inflammatory
pulmonary disorder, which results in hypoxemic respiratory
failure. ARDS may develop in response to various insults,
with sepsis being the underlying etiology in > 75% of
cases (1). Since December 2019, the emergence of severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2) and
the ensuing pandemic has vastly increased the incidence of
ARDS; initial studies showed that 41.8% of adult patients
admitted with SARS-CoV-2 pneumonia developed ARDS (2, 3).
Notwithstanding advances in supportive care and ventilation
strategies, mortality for moderate to severe ARDS remains
at 40-46%, and ARDS-specific treatment options are limited
(1). Pharmacological therapies such as dexamethasone and
tocilizumab have only been shown to be efficacious in
SARS-CoV-2 ARDS (4, 5). We now understand more about
how ARDS develops: It requires damage to the alveolar
epithelium and endothelium (6), leading to reduced alveolar fluid
clearance (7), increased permeability, exaggerated inflammation,
and neutrophilic alveolar edema (8). However, the role of
alveolar macrophages (AMs) in ARDS pathogenesis is not
fully understood.

We have previously shown that AM efferocytosis is impaired
in patients with sepsis-related ARDS, compared to a control
group of ventilated sepsis patients without ARDS (9). Impaired
AM efferocytosis is associated with increased alveolar neutrophil
apoptosis and worse clinical outcomes (increased duration of
mechanical ventilation and mortality), indicating this defect in
efferocytosis plays a key role in the pathogenesis of ARDS (9).
Further studies are required to investigate the pathophysiological
role of AM dysfunction in ARDS; however, the difficulty in
obtaining relevant cells from these patients is a major barrier to
undertaking this work. Safety concerns preclude bronchoscopy
in many patients with ARDS due to their ventilation status (9).
For those patients in whom bronchoscopy can be performed,
the bronchoalveolar lavage (BAL) fluid is highly neutrophilic,
resulting in a relatively low AM yield, which is often insufficient
to undertake all necessary experiments in every patient (9).
This significantly limits the effectiveness of ARDS-related
AM research.

Owing to these difficulties with isolating AMs from patients
with ARDS, we sought to develop an in vitro model of
ARDS. A previous study has shown that the treatment of
monocyte-derived macrophages (MDMs) with ARDS patient
BAL impairs macrophage efferocytosis (10). However, AMs
are distinct from MDMs in terms of origin, function, and
phenotype. Resident AMs develop from yolk sac progenitors
at the embryonic stage (11) and can self-renew throughout
life (12, 13), independently from monocytes and hematopoietic
stem cells. AMs are crucial for maintaining alveolar immune
homeostasis; exposure to the external environment requires AMs
to finely balance inflammatory responses to infection against
resolving functions to prevent immune-mediated tissue damage
(14). The intrinsic protolerogenic characteristic of AMs has
likely evolved to prevent excessive inflammation in the face of
continuous low-level stimulation from a diverse range of foreign

particles (15). Therefore, while previous studies utilizing MDMs
are useful, they do not constitute the most representative model
of ARDS and, therefore, would not be as appropriate to inform
a mechanistic investigation. We postulated that by using AMs
from lung resection tissue and treating with pooled ARDS patient
BAL, we could develop a more accurate model of the AM defect
in ARDS. Since ARDS patient BAL contains high concentrations
of proinflammatory cytokines, we hypothesized that following
treatment AMs will be driven away from a proresolving
phenotype and toward a proinflammatory phenotype, which is
associated with reduced efferocytosis capacity (16, 17).

Alveolar macrophage expression of the Mer tyrosine kinase
(MerTK) receptor may be critical for efferocytosis (16, 18).
MerTK = signaling via phosphatidylinositol 3 -OH kinase
(PI3K) results in activation of Racl, which causes cytoskeletal
rearrangement and engulfment of the apoptotic cell (19, 20). AM
surface receptors, namely, CD206 and CD163, are also thought
to mediate efferocytosis (14). AMs also express signal regulatory
protein-a (SIRPa) on their surface, which binds surfactant
proteins or CD47 on healthy cells (21). SIRPa signaling activates
Rho-associated kinase (ROCK), and phosphatase and tensin
homolog (PTEN), which oppose PI3K signaling, resulting in
Racl inhibition and suppression of efferocytosis (22). The status
of these important efferocytosis-related receptors in ARDS AMs
remains unknown.

We hypothesized that treatment of lung resection tissue AMs
with pooled ARDS patient BAL will recapitulate the defect in
efferocytosis we observed in vivo and allow us to determine
the mechanism by which this defect occurs. Our study had the
following aims:

(1) To determine whether treatment of lung resection tissue
AMs with ARDS patient BAL can replicate the impaired
efferocytosis observed in patients with ARDS.

(2) To determine whether treatment of lung resection tissue
AMs with ARDS patient BAL decreases AM expression of MerTK
and increases expression of SIRPa.

(3) To determine whether inhibition of ROCK-PTEN
signaling can increase AM efferocytosis in this in vitro model
of ARDS.

MATERIALS AND METHODS
Ethical Approval

Ethical approval was obtained to recruit ventilated sepsis patients
with and without ARDS (REC 16/WA/0169) and for the
use of lung tissue samples from patients undergoing routine
thoracic surgery (REC 17/WM/0272). For patients who lacked
capacity, permission to enroll was sought from a personal legal
representative following the UK Mental Capacity Act (2005). For
patients with capacity, written informed consent was obtained
from the patient.

Patient Recruitment

Invasively ventilated adult patients with ARDS and sepsis were
recruited from the intensive care unit of the Queen Elizabeth
Hospital, Birmingham, UK, from December 2016 to February
2019, and BAL was collected as previously described (9).
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Demographic and physiological details of the patients can also be
found in this prior publication. BAL fluid was rendered acellular
by centrifuging at 500 g for 5 min. Acellular supernatant BAL was
then pooled and stored at —80°C before use in this study.

Adult patients who underwent lung lobectomy as part of
their clinical treatment plan for malignancy at Birmingham
Heartlands Hospital from September 2017 to July 2019 were also
recruited. Recruited patients were never-smokers or long-term
ex-smokers (quit > 5 years), with normal spirometry and without
airways disease. No patient received chemotherapy before
surgery. Following lobectomy, lung tissue resection samples
surplus to histopathological requirements were collected.

Alveolar Macrophage Isolation

Macroscopically normal lung tissue samples were perfused with
0.15M saline via pressure bag by inserting a needle (21-gauge)
in bronchioles. When saturated, the tissue was gently massaged
to facilitate emptying lavage fluid from the tissue, ready for the
next instillation. This process was repeated until the lavage fluid
contained <1 x 10* cells/ml (23).

Cells were pelleted from the lavage fluid by centrifugation
at 500g for 5min. Mononuclear cells were then separated
by gradient centrifugation using Lymphoprep (StemCell
Technologies, Vancouver, BC, Canada), according to the
instructions of the manufacturer. Mononuclear cells were then
cultured in RPMI-1640 media supplemented with 10% fetal calf
serum (FCS), 100 U/ml penicillin, 100 jLg/ml streptomycin, and
2mM L-glutamine (Sigma-Aldrich, Darmstadt, Germany) at
37°C and 5% CO; for 24 h to allow adherence. After 24-h culture,
the wells were washed and media changed, thereby removing
non-adherent mononuclear cells (24, 25). AMs were assessed for
purity by cytospin (23); AM purity was consistently >95% across
all samples.

Alveolar Macrophage Efferocytosis Assay
The efferocytosis assay was modified from published protocols
(26-29). Neutrophils were isolated from the blood of healthy
volunteers using Percoll density centrifugation (30) as previously
described by our group (31). Neutrophil purity was >96% as
assessed by cytospin and viability >97% as assessed by trypan
blue exclusion. Neutrophils were suspended in a 5M solution
of CellTracker™ Deep Red fluorescent dye (ThermoFisher,
Waltham, MA, USA) in 10% FCS/RPMI at 4 x 10°/ml,
then incubated for 30 min at 37°C. Stained neutrophils were
centrifuged at 1,500 g for 5 min then resuspended at 2 x 10%/ml
in serum-free RPMI and incubated at 37°C and 5% CO, for
24 h to allow apoptosis. Flow cytometric assessment of neutrophil
apoptosis was performed using a fluorescein isothiocyanate
(FITC)-conjugated Annexin V and 7-aminoactinomycin D (7-
AAD) apoptosis detection kit (BioLegend, San Diego, CA,
USA): mean neutrophil apoptosis of 93% with necrosis of <2%
was observed.

Alveolar macrophages were cultured at 2.5 x 10°/well in
24-well plates. As a negative control, 5g/ml Cytochalasin D
(CytoD, Sigma-Aldrich, Darmstadt, Germany) was added for
30 min to inhibit actin filament polymerization required for
efferocytosis. Stained apoptotic neutrophils (ANs) were added to
AMs at a 4:1 ratio before incubation for 2 h at 37°C. The optimal

assay duration of 2h had previously been determined by time-
course experiments. Media was removed and wells washed two
times with ice-cold phosphate-buffered saline (PBS) to remove
non-adherent/engulfed neutrophils. Cells were harvested using a
5-min TrypLE™ express (ThermoFisher, Waltham, MA, USA)
incubation at 37°C, before acquisition using an Accuri C6 flow
cytometer and software (BD Biosciences, Franklin Lakes, NJ,
USA). AMs and ANs alone were used to set gates for their
respective populations on forward and side-scatter plots. ANs
alone were used to set a positive gate on the allophycocyanin
(APC) plot, which was subsequently used to identify AMs which
had engulfed ANs. Minimum 5,000 events gated as AMs were
counted for each experimental condition and the percentage of
APC"™ AMs calculated. CytoD-treated AMs (negative control)
determined the background fluorescence present due to ANs
adhering to the surface of AMs but not being engulfed. This
background fluorescence was subtracted from the percentage
of APC* AMs in other experimental conditions to give a
corrected net efferocytosis index representative of neutrophil
engulfment (Supplementary Figure 1). Steps were taken to avoid
bias, including drawing gates based on single-cell populations
(ANs and AMs) before assessing efferocytosis.

Alveolar Macrophage Phagocytosis Assay
Alveolar macrophage phagocytosis assays were performed using
pHrodo™ red Escherichia coli and Staphylococcus aureus
BioParticle® conjugates (ThermoFisher, Waltham, MA, USA) in
a 96-well plate according to the instruction of the manufacturer
and as previously described (23). The pHrodo™ beads were
prepared according to the instructions of the manufacturer at
a final concentration of 1 mg/ml. AMs were seeded at 50,000
cells per well in black well, clear bottomed 96-well plates,
and cultured overnight. For negative control wells, 5pg/ml
CytoD (Sigma-Aldrich, Darmstadt, Germany) was added for
30 min. A total of 50 pl of pHrodo bead suspension was added
per well and incubated for 6h at 37°C. After 6h, cells were
washed three times with PBS before adding 100 wl fresh PBS.
Fluorescence was measured using a microplate reader (Synergy
2, Bio-Tek, Winooski, VT, USA) set at the excitation/emission
spectra of pHrodo™ red dye: 560/585 nm. The negative control
(cytochalasin D treated) AMs were used to determine the
background fluorescence present due to stained pHrodo™
red BioParticles® adhering to the outside of macrophages
but not being engulfed. This background fluorescence value
was subtracted from fluorescence values of other experimental
conditions, to give the corrected net fluorescence value
the representative of phagocytosis. Phagocytosis results were
expressed as fold change in relative fluorescence unit from
untreated AMs.

Use of Alveolar Macrophages in an in vitro
Model of ARDS

Bronchoalveolar lavage from 14 recruited patients with sepsis-
related ARDS was rendered acellular by centrifugation and
then pooled. The acellular pooled BAL was mixed in a
1:1 ratio with 10% FCS/RPMI. To elicit functional changes
associated with ARDS, AMs were treated with this 50% ARDS
BAL mixture. AMs were also treated with a 1:1 mixture of
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0.9% saline and 10% FCS/RPMI, as vehicle control (VC).
Other treatments given in conjunction with 50% ARDS BAL
or saline included 200nM Y-27632 dihydrochloride (Rho-
associated protein kinase inhibitor, Apexbio, Houston, TX,
USA), 2 uM SF1670 (phosphatase and tensin homolog inhibitor,
Selleckchem, Houston, TX, USA), and dimethyl sulfoxide (VC
for Y-27632 and SF1670, Sigma-Aldrich, Darmstadt, Germany) at
a 1:50,000 dilution. ROCK and PTEN inhibitor treatment doses
were determined by dose response on untreated AM efferocytosis
(Supplementary Figure 2). Other treatments not combined with
50% ARDS BAL or saline included 50 ng/ml interferon-y (IFN-
y, Peprotech, UK), 1 g/ml ultrapure lipopolysaccharide (LPS,
Invitrogen, Waltham, MA, USA), 40 ng/ml interleukin-4 (IL-4,
Peprotech, UK), and 40 ng/ml IL-13, (Peprotech, UK). Previous
studies have shown that macrophage treatment with IFN-y and
LPS can induce a proinflammatory phenotype, whereas IL-4
and IL-13 treatment can induce a proresolving phenotype (17).
Cytokine concentrations were based on published methods (32).
The 1 g/ml dose of LPS was based on the lowest dose required
to elicit tumor necrosis factor-a (TNFa) production from
AMs (Supplementary Figure 3). Efferocytosis, phagocytosis,
apoptosis/viability, and RNA extraction for gene expression
were performed 24h after treatment with 50% ARDS BAL.
Phenotyping was performed 48 h after treatment. AM apoptosis
and viability were assessed using a flow cytometric apoptosis
detection kit (BioLegend, San Diego, CA, USA).

Flow Cytometric Assessment of AM

Surface Markers

Alveolar macrophages were labeled with the following
antihuman antibodies or their isotype controls: CD206-
APC, CD80-PE, CDI163-FITC, Mer-APC, and SIRPa-FITC
(see Supplementary Table 1). Surface marker expression was
assessed by an Accuri C6 flow cytometer and software (BD
Biosciences, Franklin Lakes, NJ, USA). AM population was
gated on forward and side-scatter plot. The median fluorescence
intensity (MFI) in relevant channels from isotype control AMs
was subtracted from the MFIs of stained AMs, to give the net
MFI for each antibody fluorophore. Results presented as fold
change-corrected MFI, as a measure of change in cell surface
expression, compared to VC (50% saline).

Assessment of AM Gene Expression

RNA was isolated from AMs using Nucleospin RNA kits
(Machery-Nagel, Diiren, Germany) as per the instructions of the
manufacturer. RNA quantity was assessed with the NanoDrop
2000 UV-Vis Spectrophotometer (ThermoFisher, Waltham, MA,
USA). One-Step Quantifast Probe RT-PCR Kits (Qiagen, Hilden,
Germany) were used to assess gene expression with a CFX384
Touch Real-Time PCR Detection System (BioRad, Hercules,
CA, USA). Tagman® gene expression assays (ThermoFisher,
Waltham, MA, USA) were purchased for 185 on VIC-MGB
(ref 4318839) and RAC1 on FAM-MGB (Hs01025984_ml).
PCR conditions were used as per the recommendation of the
manufacturer. Triplicate data were analyzed using CFX Maestro
software (BioRad, Hercules, CA, USA). Relative quantification of
target gene mRNA was calculated relative to expression of 18s
endogenous control gene.

TABLE 1 | Characterization of pooled ARDS patient BAL.

Characterization of pooled ARDS patient BAL

IL-6 453 pg/ml
IL-8 4,268 pg/mi
IL-1B 98 pg/ml
IL-1ra 3,023 pg/ml
IL-10 6 pg/ml
TNF-a 3 pg/mi
VEGF 209 pg/ml
MCP-1 1,045 pg/ml
IFN-y 0 pg/ml
LPS 57 pg/ml
Total protein 2.89 mg/ml

IFN-v, interferon-vy, IL, interfeukin; TNF-a, tumor necrosis factor-o, MCP-1, macrophage
chemoattractant protein-1; LPS, lipopolysaccharide; VEGF, vascular endothelial
growth factor.

Bronchoalveolar Lavage Cytokine and

Protein Quantification

Inflammatory cytokine (IL-6, IL-8, TNF-a, IL-1p, macrophage
chemoattractant protein-1, IL-10, IL-1ra, and vascular
endothelial growth factor) content of pooled patient BAL
fluid was measured by a commercially available custom Magnetic
Luminex® Performance Assay (R&D Systems, UK) as per the
instructions of the manufacturer. Protein concentration in
pooled patient BAL fluid was measured using the Pierce™ BCA
(Bicinchoninic Acid) Protein Assay Kit (ThermoFisher Scientific,
Waltham, MA, USA) as per the instructions of the manufacturer.

Statistical Analysis

Data were analyzed using Prism 8 software (GraphPad, San
Diego, CA, USA). Parametric data are shown as mean and SD.
Non-parametric data are shown as the median and interquartile
range (IQR). Differences between continuously distributed data
were assessed using Welch’s ¢-tests for parametric data or Mann-
Whitney tests for non-parametric data. Differences between non-
parametric paired data were assessed using Wilcoxon matched-
pairs signed-rank test. Differences between three or more
unpaired parametric data sets were assessed using ANOVA
followed by Dunn’s multiple comparison tests. Differences
between three or more paired parametric data sets assessed
using the repeated measures ANOVA followed by Tukey’s
multiple comparison tests. Two-tailed p-values of < 0.05 were
considered significant.

RESULTS

Patient Characteristics

Samples of BAL from the first 14 patients with sepsis-related
ARDS recruited to a previous study (9) were pooled and used
to treat AMs isolated from lung resections. This pooled ARDS
patient BAL was characterized with regards to inflammatory
cytokine and LPS content (Table 1). AMs were isolated from
the lung tissue of 16 patients who underwent lobectomy (mean
yield of 9 million AMs per patient). The mean age of lobectomy
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FIGURE 1 | Effect of pooled ARDS BAL treatment on lobectomy patient alveolar macrophage efferocytosis. (A) Alveolar macrophages (AMs) from sepsis patients with
ARDS have significantly reduced efferocytosis index compared to AMs from lobectomy patients (means 7.6 vs. 32.2%, p < 0.0001). Statistical analysis by Welch’s
t-test, n = 11-12. (B) UTC, Untreated control (cultured in RPMI 4+ 10% FBS); VC, vehicle control (50% saline). Effect of ARDS BAL treatment on lobectomy patient
AM efferocytosis. Treatment with 50% ARDS BAL significantly reduced lobectomy patient AM efferocytosis compared to VC treatment (mean of differences 13.0%,
p = 0.0006) and UTC (mean of differences 20.6%, p = 0.0009). Treatment of AMs with VC did not affect efferocytosis compared to UTC (mean of differences 7.6%, p
= 0.053). Statistical analysis by the repeated measures ANOVA and Tukey’s multiple comparisons tests, n = 11 for all groups. (C) Effect of ARDS BAL treatment on
Rac1 gene transcription in lobectomy patient AMs. Data are shown as fold change in AM Rac1 mRNA expression from 50% saline treatment. Statistical analysis by
the Wilcoxon matched-pairs signed-rank test, n = 8. VC, vehicle control (50% saline). Treatment with 50% ARDS BAL significantly reduced Rac1 mRNA expression in
lobectomy patient AMs, compared to VC treatment (median of differences 0.48, p = 0.016). Error bars are shown as mean and SD. ARDS, acute respiratory distress
syndrome; BAL, bronchoalveolar lavage; FBS, fetal bovine serum.

patients was 70 years (SD = 6.9 years). The male:female split for =~ of AMs with ARDS BAL reduced efferocytosis compared
lobectomy patients was 9:7. to VC treatment (Figure 1B, mean 11.7% [SD = 6.4] vs.
24.7% [SD = 7.6], p = 0.0006). Treatment of AMs with
ARDS BAL reduced Racl mRNA expression compared to

ARDS BAL Treatment of Alveolar VC treatment (Figure 1C, median of differences 0.48, p =

Macrophages Impairs Efferocytosis and 0.016), which supports our finding that ARDS BAL inhibits
Preserves Bacterial Phagocytosis AM efferocytosis.
Alveolar macrophage efferocytosis was impaired in sepsis Treatment of AMs with VC reduced phagocytosis of both S.

patients with ARDS compared to lobectomy patients  aureusand E. coli pHrodo® bioparticles compared to untreated
(Figure 1A, mean 7.6% [SD = 5.1] vs. 32.2% [SD = 9.4], controls (Figures2A,B, p = 0.031). Treatment of AMs with
p < 0.0001). We established an in vitro model of ARDS, ~ARDS BAL increased phagocytosis of S. aureus pHrodo®
by treating lung resection tissue AMs with pooled ARDS  bioparticles compared to VC treatment (Figure 2A, median of
BAL to induce AM dysfunction. ARDS BAL or saline VC  differences 0.32, p = 0.031). There was no difference in AM
treatment did not affect AM apoptosis or viability compared ~ phagocytosis of E. coli pHrodo® bioparticles following ARDS
to standard culture (Supplementary Figure4). Treatment BAL treatment compared to VC treatment (Figure3B, p =
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FIGURE 2 | Effect of pooled ARDS BAL treatment on lobectomy patient alveolar macrophage phagocytosis. Alveolar macrophage (AM) phagocytic index in
lobectomy AMs treated with 50% ARDS BAL. Data corrected to fold change in the phagocytic index from untreated control (UTC—cultured in RPMI + 10% FBS).
Statistical analysis by Wilcoxon matched-pairs signed-rank test, n = 6 for all groups. VC, vehicle control (50% saline). VC values are non-identical in graphs C and D.
Data are shown as median and interquartile range. ARDS BAL or saline VC-treated AMs receive half the volume of culture media and FCS compared to UTC AMs. (A)
Treatment of AMs with 50% saline VC reduced phagocytosis of S. aureus bioparticles (median of differences —0.38, p = 0.031). Treatment with 50% ARDS BAL
caused a significant increase in AM phagocytosis of S. aureus bioparticles compared to VC (median of differences 0.32, p = 0.031). (B) Treatment of AMs with 50%
saline VC reduced phagocytosis of E. coli bioparticles (median of differences —0.43, p = 0.031). No significant difference in AM phagocytosis of E. coli bioparticles
was observed following treatment with 50% ARDS BAL compared to VC (median of differences 0.59, p = 0.063). ARDS, acute respiratory distress syndrome; BAL,
bronchoalveolar lavage; UTC, untreated control; FCS, fetal calf serum.

0.063). Thus, ARDS BAL treatment had divergent effects on AM  AM efferocytosis; however, their effect on AM surface-receptor

efferocytosis and phagocytosis. expression was also assessed: expression of MerTK, CD163, and
SIRPa was decreased while expression of CD206 was increased
ARDS BAL Treatment of Alveolar (Figures 4A-E). These findings indicate that the effect of ARDS

BAL treatment on AMs cannot solely be explained by changes in
surface-receptor expression.

Macrophages Alters Surface-Receptor
Expression

Since ARDS BAL treatment of AMs had divergent effects on  Rho-Associated Kinase Inhibition Partially
efferocytosis and phagocytosis, we used this in vitro model to Restores Alveolar Macrophage

investigate the association between AM phenotype and function. . P
Treatment of AMs with ARDS BAL increased expression of Efferocytosis in an in vitro Model of ARDS

CD206 (Figure 3A, mean fold change 0.39, p = 0.006) and Since this model effectively replicated in vitro the efferocytosis
MerTK (Figure 3B, mean fold change 0.3, p = 0.028) compared defect in ARDS AMs evident in vivo, we next used this model
to VC treatment. Treatment of AMs with ARDS BAL decreased  tO €xplore the mechanism driving this defect. Racl intracellular
SIRPa expression compared to VC treatment (Figure 3C, mean signaling pathways are summarized in Figure5. From this
fold change —0.26, p = 0.006). Treatment of AMs with ARDS pathway, we identified ROCK and PTEN as potential targets to
BAL did not change the expression of CD163 or CD80 compared modify activity. The addition of ROCK-inhibitor to ARDS BAL
to VC treatment (Figures3D,E, p > 0.05 for both). These (reatment increased AM efferocytosis compared to treatment
changes in AM surface-receptor expression were incongruent with ARDS BAL plus VC (Figure 6A, mean fold change 0.17,

with the observed defect in AM efferocytosis following ARDS P = 0.009). The addition of PTEN inhibitor to ARDS BAL
BAL treatment. treatment did not affect efferocytosis compared to treatment

Treatment of AMs with proinflammatory mediators IFN-y with ARDS BAL plus VCj (Figure 63)' ROCK inhil.aition.did
and LPS also impaired efferocytosis (Figure 4A, mean difference ~ 1Ot affect AM phagocytosis of E. coli or S. aureus bioparticles
16.5%, p = 0.008). However, in contrast to ARDS BAL, (Supplementary Figure 5)..ROCK inhibition also did not affect
proinflammatory mediator treatment decreased expression of AM surface marker expresswn.of CD206, CD163, CD80, SIRPa,
both MerTK (Figure 4B, mean fold change —0.58, p = 0.015) and MerTK (Supplementary Figure 6).
and CD163 (Figure 4C, mean fold change —0.58, mean fold
change —0.55, p = 0.005) while increasing expression of SIRPa DISCUSSION
(Figure 4D, mean fold change 2.48, p = 0.036). Proinflammatory
mediator treatment had no significant effect on the expression of ~ Herein, we have established a phenotypically and functionally
AM surface markers CD206 or CD80 (Figures 4E,F). Treatment  accurate in vitro model through which we can model the
with proresolving mediators IL-4 and IL-13 did not affect effects of ARDS on AM function. In this model, ARDS BAL
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FIGURE 3 | Effect of ARDS BAL treatment on lobectomy patient alveolar macrophage surface-receptor expression. UTC, untreated control (RPMI + 10% FBS); VC,
vehicle control (50% saline). Statistical analysis by paired t-test, n > 8 for all groups. (A) Treatment with 50% ARDS BAL significantly increased CD206 expression on
AMs compared to VC treatment (mean of differences 0.39, p = 0.006), (B) 50% ARDS BAL treatment significantly increased MerTK expression on AMs compared to
VC treatment (mean of differences 0.30, p = 0.028), (C) 50% ARDS BAL treatment significantly decreased SIRPa expression on AMs compared to VC treatment
(mean of differences —0.26, p = 0.006), (D) 50% ARDS BAL treatment increased CD163 expression on AMs compared to VC treatment; AM, alveolar macrophage;
however, this difference did not reach statistical significance (mean of differences 0.44, p = 0.061), and (E) 50% ARDS BAL treatment did not significantly change
CDB80 expression on AMs compared to VC treatment (mean of differences 0.19, p = 0.122). ARDS, acute respiratory distress syndrome; BAL, bronchoalveolar lavage;
FCS, fetal calf serum; MerTK, Mer receptor tyrosine kinase; SIRPa, signal regulatory protein alpha; AMs, alveolar macrophage.

treatment of lung resection tissue AMs induced an impairment initially postulated that the decreased AM efferocytosis in ARDS
in efferocytosis observed in ARDS patients, but preserved may be due to the polarization of AMs to a proinflammatory
AM bacterial phagocytosis. Thus, the inflammatory contents  phenotype, which is associated with reduced efferocytosis (17).
of ARDS BAL do not induce a global impairment in AM  The concentrations of inflammatory cytokines within our pooled
function but rather a specific impairment in efferocytosis. ~ ARDS BAL are in keeping with those reported in previous studies
The impairment in AM efferocytosis caused by ARDS (35, 36). We then undertook experiments using the in vitro model
BAL treatment is not mediated by changes in surface- of ARDS to investigate the association between AM phenotype
receptor expression. ROCK inhibition partially restores  and function.
AM efferocytosis in an in vitro model of ARDS. Modulation Intriguingly, ARDS BAL treatment of AMs increased
of the ROCK-PI3K-Racl intracellular signaling pathway may  expression of efferocytosis receptors (CD206 and MerTK)
offer a therapeutic strategy to upregulate AM efferocytosis  and decreased expression of the antiefferocytosis receptor
in ARDS. SIRPa. These phenotypic changes were incongruent with the
In early ARDS, proinflammatory monocytes migrate to the  functional defect in AM efferocytosis induced by ARDS BAL. In
alveoli and then differentiate into “recruited” AMs (33). A direct =~ comparison, treatment with proinflammatory mediators (IFN-y
correlation was observed between alveolar monocyte influx, the  and LPS) also decreased AM efferocytosis, but induced SIRPa
severity of the respiratory failure, and mortality in ARDS (33).  expression and decreased MerTK expression. Although both
Murine models showed that following the initiation of lung ~ ARDS BAL and proinflammatory mediator treatments impaired
injury, the majority of inflammatory cytokines (namely, tumor =~ AM efferocytosis, they had opposite effects on efferocytosis
necrosis factor-alpha, IL-6, and IL- 1) were released by recruited ~ receptor expression. A similar association was observed in
AMs (34). Our study assessed total AM efferocytosis, and did not  cigarette smokers, between decreased AM efferocytosis (37),
distinguish between resident and recruited AMs. Therefore, we  increased MerTK expression (38), and increased transcription
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FIGURE 4 | Effect of pro- and anti-inflammatory mediators on alveolar macrophage efferocytosis and surface-receptor expression. VC, vehicle control (distilled water
added at 1:500 to RPMI + 10% FBS). IL-4 + IL-13, interleukins 4 and 13 used at 40 ng/ml each; IFN-y, 50 ng/ml interferon-y; LPS, 1 ng/ml lipopolysaccharide. (A)
Data are shown as mean and SD, n = 7 for all groups. Cytokine treatment significantly affected alveolar macrophage (AM) efferocytosis (repeated measures ANOVA
p = 0.004). IFN-y and LPS treatment significantly reduced AM efferocytosis compared to VC (Dunnett’s multiple comparisons test mean difference 16.5%, p =
0.008). IL-4 and IL-13 had no significant effect on AM efferocytosis compared to VC (Dunnett’s multiple comparisons test mean difference —1.8%, p = 0.897). (B-F)
Statistical analysis by the repeated measures ANOVA with Dunnett’s multiple comparison test, n = 6-8. Linear y-axis was used for all graphs, except SIRPa (D) for
which a log scale y-axis was used. (B) Cytokine treatments significantly affected AM surface expression of MerTK (repeated measures ANOVA p = 0.003). Compared
to treatment with VC, AM surface expression of MerTK was significantly decreased following treatment with IFN-y + LPS (mean of differences —0.58, p = 0.015), and
IL-4 + IL-13 (mean of differences —0.47, p = 0.004). (C) Cytokine treatments significantly affected AM surface expression of CD163 (repeated measures ANOVA p =
0.002). Compared to treatment with VC, AM surface expression of CD163 was significantly decreased following treatment with IFN-y + LPS (mean of differences
—0.55, p = 0.005), and IL-4 + IL-13 (mean of differences —0.45, p = 0.002). (D) Cytokine treatments significantly affected AM surface expression of SIRPa (repeated
measures ANOVA p = 0.012). Compared to treatment with VC, AM surface expression of SIRPa was significantly increased following treatment with IFN-y + LPS
(median of differences 2.48, p = 0.036). Compared to treatment with VC, AM surface expression of SIRPa was significantly decreased following treatment with IL-4 +
IL-13 (median of differences —0.59, p < 0.0001). (E) Cytokine treatments significantly affected AM surface expression of CD206 (repeated measures ANOVA p =
0.007). Compared to treatment with VC, AM surface expression of CD206 was significantly increased following treatment with IL-4 + IL-13 (mean of differences 0.92,
p = 0.013). There were no significant changes in CD206 expression following treatment with IFN-y + LPS (mean of differences —0.13, p = 0.777). (F) Cytokine
treatments did not significantly affect AM surface expression of CD80 (repeated measures ANOVA p = 0.098). MerTK, Mer tyrosine kinase receptor; SIRPa, signal

regulatory protein-a.

of genes associated with a proresolving phenotype (39).
Patients with chronic obstructive pulmonary disease (COPD)
also have impaired AM efferocytosis (40) with overexpression
of efferocytosis receptors CD206 and CD163 (41). Our
data, therefore, suggest that the AM efferocytosis defect
induced by ARDS BAL treatment is not mediated by surface-
receptor changes.

Strategies to upregulate AM efferocytosis may reduce
secondary necrosis of alveolar neutrophils, thereby attenuating
inflammation in ARDS. Since in vitro ARDS BAL treatment
downregulated AM Racl gene expression, we sought to
upregulate Racl expression and restore efferocytosis by

inhibiting ROCK and PTEN. The addition of ROCK inhibitor
to ARDS BAL treatment partially restored AM efferocytosis
function and did not affect bacterial phagocytosis. However, the
addition of PTEN inhibitor had no significant effect; this may be
because the role of PTEN is less important in antagonizing the
PI3K pathway. ROCK inhibitors have been shown to increase
efferocytosis in MDMs and AMs from patients with COPD (42).
Further studies to investigate the role of the ROCK-PTEN-Racl
pathway in ARDS AM dysfunction are required. Measurements
of Racl and PI3K proteins expression in our model, with
and without ROCK inhibition, are required to support the
hypothesis that Racl inhibition is partially responsible for
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upregulate Rac1. Activation of Rac1 results in cytoskeletal rearrangement and efferocytosis of the apoptotic cell. Activation of SIRPa by SP-A (or SP-D) triggers a
signaling cascade along the SHP1/RhoA/ROCK/PTEN pathway, which inhibits PI3K signaling, and ultimately downregulates Rac1, thereby inhibiting efferocytosis.
Gas6, growth arrest specific-6; MerTK, Mer tyrosine kinase receptor; PI3K, phosphatidylinositol 3'-OH kinase; PS, phosphatidylserine; PTEN, phosphatase and tensin
homolog; ROCK, Rho-associated kinase; SHP-1, Src homology region 2 domain-containing phosphatase-1; SIRPa, signal regulatory protein-o; SPA/D, surfactant
protein A/D.
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FIGURE 6 | Effect of ROCK and PTEN inhibitors on restoring alveolar macrophage efferocytosis following ARDS BAL treatment. Data are shown as fold change in AM
efferocytosis index from 50% saline treatment. ROCK, Rho-associated protein kinase; PTEN, phosphatase and tensin homolog; VC, vehicle control [dimethyl sulfoxide
(DMSO) at 1:50,000 dilution]. ROCK inhibitor = 200 nM Y-27632 dihydrochloride. PTEN inhibitor = 2 wM SF1670. Statistical analysis by repeated measures ANOVA
with Tukey’s multiple comparison test. (A) The addition of VC to ARDS BAL mixture had no significant effect on AM efferocytosis (mean of differences 0.05, p = 0.918,
n = 9) compared to ARDS BAL alone. Addition of ROCK inhibitor to ARDS BAL treatment significantly increased efferocytosis compared to treatment with VC +
ARDS BAL (mean of differences 0.17, p = 0.009, n = 9) (B) Addition of PTEN inhibitor to 50% ARDS BAL treatment had no significant effect on efferocytosis
compared to treatment with VC + ARDS BAL (mean of differences 0.03, p = 0.924, n = 6).
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impaired AM efferocytosis in ARDS. ROCK inhibition promotes
PI3K signaling, which has multiple effects on a cellular function
beyond upregulation of Racl, namely, proliferation, chemotaxis,
and migration (43). ROCK inhibition would have many off-target
effects, thereby limiting its therapeutic potential as a strategy to
upregulate AM function in ARDS. Existing medications could be
tested using the in vitro model of ARDS, to determine if they can
restore AM efferocytosis, e.g., N-acetylcysteine (44), macrolide
antibiotics (45), statins (46), and glucocorticoids (47).

Studies utilizing an ex-vivo perfused human lung model of
ARDS have shown that extracellular vesicles (EVs) are released
following lung injury with E. coli; these isolated EV's subsequently
mediated inflammatory lung injury when administered to
uninjured lungs (48). Murine models of LPS lung injury have
shown that EV transfer of microRNA cargo to AMs can increase
inflammatory cytokine release (49). Further analysis of ARDS
BAL and studies utilizing our in vitro model of ARDS are
required to determine whether EV transfer of microRNA to AMs
may affect intracellular pathways regulating efferocytosis (50).

Our study had some limitations. Due to logistical constraints,
efferocytosis assays were undertaken with heterologous
neutrophils, as opposed to autologous neutrophils, which
would have more accurately reflected the environment in vivo.
Although unaffected lung tissue was processed, we cannot
rule out contamination with tumor-associated macrophages
which are characterized by an immunosuppressive phenotype
and may exhibit increased efferocytosis (51), which could
account for some of the divergent effects observed. Expression of
intracellular signaling mediators (e.g., Racl) was only measured
at the mRNA level. To draw definitive conclusions regarding
the mechanism of impaired efferocytosis in ARDS, data on the
protein expression of these mediators will be required. Ideally,
the use of healthy human BAL would be a more appropriate VC
instead of saline in this model; however, healthy BAL is a highly
limited resource.

Another limitation to our study is that when assessing AM
expression of TAM receptors (key mediators of macrophage
efferocytosis), only MerTK was investigated (52). We had
predominantly focused on MerTK, as this efferocytosis receptor
was best characterized in the context of ARDS within the
literature (18, 53-55). However, we omitted to investigate other
important TAM receptors: Axl and Tyro3 (52). Impairment of
the Axl signaling pathway has been associated with decreased AM
efferocytosis in asthma (56). We report a contradictory increase
in MerTK expression associated with decreased efferocytosis
in AMs treated with ARDS BAL; however, this may, in part,
be explained if the expression of TAM receptors Axl and/or
Tyro3 were decreased. Further studies will be required to
investigate this.

Studies have previously shown that the microenvironment
can influence AM metabolism, inflammatory response, and
gene expression (57, 58). In vitro culture of AMs can
alter efferocytosis receptor expression profiles (56), therefore
undertaking efferocytosis assays directly in situ on lung
tissue may provide a more accurate representation of in
vivo AM function (59). For future studies, precision-cut
lung slices could be incubated with ARDS BAL before the
assessment of efferocytosis directly on lung tissue (60); terminal

deoxynucleotidyl transferase dUTP nick end labeling could
be used to identify ANs in a double immunofluorescence
method (59).

In conclusion, in vitro treatment of lung resection tissue
AMs with pooled ARDS patient BAL can recapitulate the same
functional defect observed in vivo. This dysfunction can be
partially restored by ROCK inhibition. The in vitro model of
ARDS is a useful tool to investigate the mechanisms by which
the inflammatory alveolar microenvironment of ARDS induces
AM dysfunction.
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Background: Variable pressure support ventilation (VPSV) is an assisted ventilation
mode that varies the level of pressure support on a breath-by-breath basis to restore the
physiological variability of breathing activity. We aimed to compare the effects of vPSV at
different levels of variability and pressure support (APg) in patients with acute respiratory
distress syndrome (ARDS).

Methods: This study was a crossover randomized clinical trial. We included patients with
mild to moderate ARDS already ventilated in conventional pressure support ventilation
(PSV). The study consisted of two blocks of interventions, and variability during vPSV was
set as the coefficient of variation of the APg level. In the first block, the effects of three
levels of variability were tested at constant APs: 0% (PSVqg,, conventional PSV), 15%
(VPSV459,), and 30% (vPSVzq9;). In the second block, two levels of variability (0% and
variability set to achieve £5 cmH»O variability) were tested at two APg levels (baseline
APg and APg reduced by 5 cmH>O from baseline). The following four ventilation
strategies were tested in the second block: PSV with baseline APg and 0% variability
(PSVgL) or £5 cmH> O variability (vPSVg ), PSV with APg reduced by 5 cmH»>O and 0%
variability (PSV_z) or 5 cmH»O variability (vPSV_5). Outcomes included gas exchange,
respiratory mechanics, and patient-ventilator asynchronies.

Results: The study enrolled 20 patients. In the first block of interventions, oxygenation
and respiratory mechanics parameters did not differ between vPSV459, and vPSV5qo,
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compared with PSVg,. The variability of tidal volume (V1) was higher with vPSV 59
and vPSV3zq9, compared with PSVqg,. The incidence of asynchronies and the variability
of transpulmonary pressure (P.) were higher with vPSVz49, compared with PSVge. In
the second block of interventions, different levels of pressure support with and without
variability did not change oxygenation. The variability of V1 and P_ was higher with
vPSV_5 compared with PSV_s, but not with vPSVg compared with PSVg, .

Conclusion: In patients with mild-moderate ARDS, the addition of variability did not
improve oxygenation at different pressure support levels. Moreover, high variability levels
were associated with worse patient-ventilator synchrony.

Clinical Trial Registration: www.clinicaltrials.gov, identifier: NCTO1683669.

Keywords: variable pressure support ventilation, acute respiratory distress (ARDS), asynchronies, respiratory

mechanic, assisted ventilation

INTRODUCTION

Pressure support ventilation (PSV) is an assisted ventilation
mode commonly used in critically ill patients (Esteban et al,
2013). The maintenance of spontaneous respiratory activity in
acute respiratory distress syndrome (ARDS) patients improves
respiratory function and decreases the need for vasopressor and
sedative drugs (Putensen et al., 2001). Assisted ventilation modes
have been commonly used in the management of patients with
ARDS, in particular those with mild to moderate hypoxemic
respiratory failure (Bellani et al., 2016).

In the last years, researchers have proposed to vary the level
of pressure support on a breath-by-breath basis to restore the
physiological variability of breathing activity (Tobin et al., 1988).
Variable pressure support ventilation (VPSV), compared with
conventional PSV, improved oxygenation in the experimental
models of ARDS (Gama de Abreu et al., 2008) and ventilator-
patient synchrony in a small pilot study in critically ill patients
with acute respiratory failure (Spieth et al., 2013). These effects
could be mediated by an amelioration of the ventilation-
perfusion matching (Huhle et al., 2016), as well as a recruitment
effect due to the repetitive delivery of breaths with a higher
tidal volume, which might also result in a reduction of lung
inhomogeneity (Mauri et al., 2017). However, so far, the only
clinical study published has used only one variability level at
fixed pressure support (APs) (Spieth et al., 2013). Therefore,

Abbreviations: PSV, pressure support ventilation; ARDS, acute respiratory distress
syndrome; vPSV, variable pressure support ventilation; APs, pressure support
level; ICU, intensive care unit; PEEP, positive end-expiratory pressure; PBW,
predicted body weight; SAPS, simplified acute physiology score; SOFA, sequential
organ failure assessment score; RASS, richmond agitation-sedation scale; PSVo;,
pressure support ventilation with no variability; vPSV sy, variable pressure
support ventilation with 15% CV variability; vPSV3q¢, variable pressure support
ventilation with 30% CV variability; Vr, tidal volume; PTP, esophageal pressure-
time product; AP, esophageal pressure swings; Pp, peak transpulmonary
pressure; PSVgy, pressure support ventilation with no variability and baseline APg
as per clinical indication; vPSVpy, variable pressure support with variability set to
achieve &5 cmH,O and baseline APs as per clinical indication; PSV_s, pressure
support ventilation with no variability and APs reduced by 5 cmH,O from the
baseline value; vVPSV _s, variable pressure support ventilation with variability set to
achieve £5 cmH, 0O and APs reduced by 5 cmH,O from the baseline value.

the effects of different levels of variability and the impact of
variability at different APg levels remain unknown. Different
levels of variability might modify differently the ventilation
perfusion-matching and might affect differently gas exchange and
respiratory mechanics.

The aim of this study was to evaluate the effects of vPSV,
at different levels of variability and pressure support, on short-
term lung function parameters in patients with mild to moderate
ARDS. We tested the hypothesis that vPSV would improve
gas exchange, respiratory mechanics, and patient-ventilator
asynchrony. We also hypothesized that the degree of variability
and the level of APg would influence the effects of vPSV.

METHODS
Study Design

This was a prospective, crossover, randomized clinical trial
conducted in a single university hospital intensive care unit
(ICU).

Inclusion and Exclusion Criteria

Patients aged >18 years with mild to moderate ARDS
(PaO,/FIO, ratio between 100 and 300 mmHg with a positive
end-expiratory pressure, PEEP >5 cmH;0) already receiving
PSV per clinical indication were screened for inclusion. Exclusion
criteria were pregnancy, chronic obstructive pulmonary disease,
presence of pneumothorax or chest tubes, and unavailability of
research staff.

Interventions

According to the local clinical practice, conventional PSV was
delivered by an Evita Infinity V500 ventilator (Drager Medical
AG, Libeck, Germany) targeting a V1 of 6-8 ml/kg of predicted
body weight, respiratory rate <25 min~! with PEEP and FIO,
titrated to achieve a peripheral oxygen saturation >92%. This
ventilator can operate in vPSV mode setting the variability of
the APs and delivers breaths with an approximately Gaussian
distribution, truncated at 3 SDs from the mean APs. The
parameter “variability” of this ventilator refers to the range
of APs, e.g., 90% “variability” results in a 30% coeflicient
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Block 1 Block 2
Random order Random order
| | | |
|| | | [ | 1
Baseline PSV,,, vPSV15% vPSV30% PSV,, VPSV, PSV, VPSV, End >
PSV
45 min 45 min 45 min max 1h 45 min 45 min 45 min 45 min
BGA BGA BGA BGA BGA BGA
\
\
Enrolment \
BGA \ \
\
\ Respiratory Mechanics
\ (For each 45-min ventilation step)
\\ 1 minute every 9 minutes: Last 10 minutes:
\ Respiratory mechanics Respiratory mechanics and asynchronies
\
\ [} ) ) B B B &
\ 1 ] 1 L) ] ] L
\ 1 9 18 27 36 45
BGA: Arterial blood gas analysis Time (min)
FIGURE 1 | Time course of interventions. Within each intervention block, different ventilation settings were delivered in random order. PSVq¢;, conventional PSV
ventilation with no variability; vPSVi5s¢, variable PSV with variability set to 156% CV; vPSV3qq, variable PSV with variability set to 30% CV; PSVg, PSV with no
variability and baseline APgs as per clinical indication; vPSVp,, variable pressure support with variability set to achieve +£5 cmH,O and baseline APs as per clinical
indication; PSV_s, PSV with no variability and APs reduced by 5 cmH,O from the baseline value; vPSV_s, variable PSV with variability set to achieve +£5 cmH,O and
APs reduced by 5 cmH,O from the baseline value; PSV, pressure support ventilation; CV, coefficient of variation.

of variation (CV). As illustrated in Figurel, all patients
underwent two blocks of interventions, receiving 45-min periods
of ventilation with different settings. In the first block, the effects
of three levels of variability were tested at constant A Ps to explore
the effect of variability added to a fixed APs level, while in the
second block, a variability of &5 cmH,O was added to APs set
at either the baseline level or the baseline level minus 5 cmH,O,
to investigate the effects of variability at two APg levels. During
the first block, the APs was set at a fixed value corresponding
to the level chosen by the treating clinician before enrolment,
and three different CV% levels were used: 0% (PSVg), 15%
(vPSV59), and 30% (VPSV3gy). During the second block, four
ventilation settings were used: PSV with baseline APg (PSVgy),
baseline APg with variability set individually to £5 cmH,O
(vPSV3gL), APs reduced by 5 cmH,O compared with the baseline
with either no variability (PSV_s) or variability set to =+5
cmH,0 (vPSV_;5). The two blocks were performed sequentially,
within 1h from each other to allow for nursing assistance
if required, and ventilation modes within each intervention
block were assigned in random order with a Latin square
design (as shown in Figure 1; Supplementary Figures 1, 2).
The randomization sequence was generated with an online
service, and a sealed envelope was opened at the moment of
patient enrolment. Participants were blinded to the treatment
assignment as were the operators involved in respiratory
mechanics analysis.

Patient management procedures not related to mechanical
ventilation, including sedation and fluid administration, were at
the discretion of the treating clinician. When clinically feasible,
we avoided changing FIO,, PEEP, and APs during the study,

and in case of desaturation below 92%, FIO, increase was
prioritized over PEEP increase. After completion of the study
protocol, ventilation was continued at the discretion of the
treating physician.

Measurements
An esophageal balloon catheter (Compliance catheter, Microtek
Medical B.V., Zutphen, The Netherlands) was inserted through
the nose or mouth, filled with 1.5ml, and correct positioning
was verified with an occlusion maneuver (Akoumianaki et al.,
2014). The flow was measured with a heated Fleisch-type
pneumotachograph connected to a multi-channel transducer
(ICU Lab, KleisTEK Engineering, Bari, Italy), while the tidal
volume was measured as the integral of flow over time.
Respiratory traces were recorded continuously throughout the
study. An arterial blood gas analysis, heart rate, and invasive
mean arterial pressure were recorded at baseline and the end of
each ventilation step.

Pressure-time and flow-time curves were analyzed offline with
a dedicated script written in MATLAB (MathWorks, MA, USA).
The following parameters were computed breath by breath: Vr,
PEEP, APs, mean airway pressure, inspiratory time to total
time ratio (Tinsp/ Tot) respiratory rate (RR), esophageal pressure
swings (APe), and peak transpulmonary pressure (Py). The
respiratory muscle activity was quantified with the esophageal
pressure-time product per min (PTP), calculated as follows
(Mauri et al., 2016):

PTP ¢5min = RR - / Pyus dt = RR - / (P recoil — Pes) dt
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where Pps is the pressure generated by the respiratory muscles,
and Py recoil 1S the chest wall recoil pressure, calculated assuming
a fixed elastance of 5 cmH,O/L. The asynchrony index was
computed as the number of asynchronous events divided by the
total number of ventilator cycles plus ineffective efforts during
expiration multiplied by 100 (Blanch et al., 2015). Asynchronies
were classified independently by two experienced operators (LB
and MV), and discrepancies were resolved by consensus. The
analysis of respiratory mechanics data was performed by three
operators blinded to the ventilation settings (ADO, ME and LM).
Also, we measured the evolution of respiratory mechanics at min
1, 9, 18, 27, 36, and 45 from the start of each ventilation step.
To allow sufficient time for patient adaptation, main analyses of
respiratory mechanics and asynchronies were restricted to the
last 10 min of each ventilation step.

Data Analysis and Sample Size Calculation
All variables are reported as medians [25th—75th percentile],
if not otherwise specified. Measurements on multiple breaths
were aggregated within-patients computing the median and the
CV; then, between-patients medians [25th—75th percentile] were
computed. Comparisons between continuous variables during
the different ventilation steps were sought with Friedman’s
test and Dunn’s post-hoc test. The primary endpoint was the
partial pressure of arterial oxygen to FiO, ratio (PaO,/FiO).
From internal administrative data, we expected a baseline
Pa0,/FiO, around 150 + 50 mmHg. Using a Latin square
crossover design, and assuming an intra-subject correlation
of the PaO,/FiO, between treatments with p = 0.75, we
needed to enroll at least 16 patients to achieve 90% power (1-
B) to detect a 20% relative increase in the PaO,/FiO; ratio
(Muller and Barton, 1989; Muller et al., 1992). To account for
potential drop-off or missing respiratory mechanics data, we
aimed to enroll 20 patients. Repeated measurement analysis
of respiratory mechanics parameters at different timepoints
within each ventilation block was performed using mixed-effects
linear models using patients as random effects and timepoint,
ventilation, and their interaction as fixed effects.

In one post-hoc analysis, associations were determined
between the respiratory mechanics parameters of each breath and
the APs received during the preceding breath in the vPSVpgy, and
vPSV_; ventilation steps. For this purpose, mixed-effects linear
models were used, using patients as random effects and the APg
received during the preceding breath as the fixed effect.

All analyses were performed with R 3.2.3 (The R Foundation
for Statistical Computing, www.r-project.org). Statistical
significance was considered for two-tailed p < 0.05.

RESULTS

Twenty patients were enrolled and completed the study. Baseline
characteristics are presented in Table 1. The FiO, and PEEP
were kept constant during the study in all patients; one patient
required APs reduction between ventilation block 1 and block
2 according to the treating clinician decision for reasons
unrelated to the study procedures. Tables 2, 3 show respiratory
mechanics, hemodynamics, and arterial blood gas analysis

TABLE 1 | Baseline characteristics of patients.

Patient characteristics

Number of patients
Age (years)

Female sex (N, %)
Weight (kg)

Height (cm)

Body mass index (kg/m?)
PBW (kg)

SAPS I

SOFA

RASS

Sedative drugs (N, %)

Analgesic drugs (N, %)

Days of ventilation prior to inclusion
Primary reason for admission to the ICU

Risk factor for development of ARDS

Blood gas analysis at enrolment
Pa0O, (mmHg)

PaCO, (mmHg)

pHa

Pa0,/FIO; ratio (mmHg)
Ventilator settings at enrolment
APs (cmH20)

PEEP (cmH20)

FIO2 (%)

Tidal volume (mL/kg of PBW)
Respiratory rate (min~")

20

72 [59-79]

6/20 (30%)

80 [64-87]

175 [165-180]

25.8 [22.7-29.5]

71 [58-75]

53 [38-60]

7[6-9]

—3[-3to —1]
Propofol 5/20 (25%)
Dexmedetomidine 3/20 (15%)

Midazolam 4/20 (20%)
None 8/20 (40%)

Fentanyl 8/20 (40%)
Morphine 2/20 (10%)

None 10/20 (50%)

7 [5-9]

Acute respiratory failure:

10 (50%)

Multiple trauma: 4 (20%)
Brain hemorrhage: 3 (15%)
Post-cardiac arrest: 3 (15%)

Pneumonia: 11 (65%)

Multiple fractures: 2 (10%)
Sepsis: 4 (20%)

Aspiration pneumonia: 3 (15%)
97 [79-120]

40 [36-46]
7.46 [7.44-7.51]
198 [154-250]

15 [14-17]
6 [5-8]

50 [43-58]
7.5[7.0-8.5]
15 [13-20]

PBW, predicted body weight;, PEEF, positive end-expiratory pressure; APs, pressure
support; SAPS, simplified acute physiology score; SOFA, sequential organ failure

assessment score; RASS, richmond agitation-sedation scale; ICU, intensive care unit.

in ventilation blocks 1 and 2, respectively. The distribution

of key respiratory mechanics parameters in ventilation
blocks 1 and 2 is illustrated in Figures2, 3, respectively.
Supplementary Figures 3-11 report details the evolution over
time of the respiratory mechanics parameters in the different
ventilation steps.

Block 1: Physiological Effects of Different
Variability Levels at Constant APg

The PaO,/FiO; did not differ between ventilation steps in block
1 (p = 0.62, Table 2). Median respiratory mechanics variables,
other gas exchange, and hemodynamic parameters did not
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TABLE 2 | Gas exchange, hemodynamics, and respiratory mechanics in patients during pressure support ventilation at different levels of variability (Block 1).

Ventilation modes

p-values

PSVoq, VPSVi59, VPSV3q9, Overall VPSVi59, vs. PSVqe, VPSV3q9, vs. PSVge,
Ventilation settings
APs et (cmH20) 15.0[13.0-16.0] 15.0 [13.0-16.0] 15.0 [13.0-16.0] >0.99
APs set variability (CV %) 0 15 30 <0.001
Gas exchange
PaO,/FIO, (mmHg) 209 [157-242] 214 [160-256] 210 [179-252] 0.62
PaO, (mmHg) 96 [79-118] 98 [85-116] 108 [82-123] 0.62
PaCO, (mmHg) 44 [37-46] 43 [38-406] 43 [37-48] 0.95
pH 7.45 [7.43-7.49] 7.49 [7.43-7.50] 7.47 [7.44-7.50] 0.64
Hemodynamics
Heart rate (min—") 85 [72-92] 83 [75-90] 83 [73-91] 0.46
Mean arterial pressure (mmHg) 78 [68-96] 79 [73-91] 82 [70-90] 0.37
Respiratory mechanics
APs measured (€MH20) 14.6 [12.5-15.7] 14.6 [12.7-16.0] 14.7 [12.6-16.5] 0.39
PSmeasured (CV, %) 1.2[0.7-2.0] 15.6 [16.0-17.2]2 29.7 [27.5-31.5]7 <0.001 0.006 <0.001
Total PEEP (cmH,0) 7.2[6.1-8.9] 7.4 [6.2-8.6] 7.51[6.2-8.4] 0.09
Total PEEP (CV, %) 2.2[1.1-8.1] 2.2[1.2-3.8] 2.6 [1.7-3.3]2 0.034 0.40 0.026
Prean (cmH20) 11.6 [9.9-12.6] 12.1[10.1-12.9] 11.6 [10.4-12.8] 0.16
Prmean (CV, %) 3.7 [3.0-6.0] 8.1[5.8-9.6)° 13.2[10.2-15.52 <0.001 0.016 <0.001
Respiratory rate (min~") 16.7 [13.7-21.4] 16.8 [13.9-21.4] 15.6 [13.8-19.7] 0.86
Respiratory rate (CV, %) 11.6[9.2-15.8] 12.5[10.3-22.4] 17.9[15.8-24.9P 0.002 0.17 <0.001
V1 (ml/kg of PBW) 8.1[7.3-10.0] 8.8 [7.0-10.7] 8.9 [7.2-10.1] 0.95
V1 (CV, %) 6.7 [4.5-9.1] 18.1[10.7-14.4]2 23.8 [17.8-28.1]2 <0.001 0.006 <0.001
Tinsp/ Trot 0.34 [0.29-0.41] 0.37 [0.32-0.41] 0.37 [0.30-0.43] 0.35
Tinsp/ Trot (CV, %) 11.1[7.4-15.1] 10.9 [9.6-16.3] 14.6 [12.3-21.0] 0.08
PTPes (cmH20 s min ~7) 126 [102-226] 154 [103-194] 136 [121-208] 0.95
PTPes (CV, %) 26.8 [15.6-39.2] 30.1 [17.0-47.6) 36.2 [25.9-58.2] 0.029 0.71 0.026
APgs (cmH20) 5.0 [2.1-7.6] 3.0[1.3-7.4] 2.7 [1.6-5.4] 0.10
APegs (CV, %) 23.2 [18.0-34.2] 26.8 [19.7-40.9] 26.8 [24.3-47.5] 0.07
PL (cmH,0) 18.0 [16.9-21.4] 17.8 [16.0-21.9] 17.4 [15.9-20.2) 0.27
PL (CV, %) 4.5[2.7-11.7] 14.7 [13.2-15.92 25.8[21.4-27.3]7 <0.001 0.025 <0.001
Asynchrony index (%) 1.6 [0.6-10.5] 2.2[0.5-16.3] 5.1 [1.0-17.4]2 0.031 0.21 0.019

Values are computed during the last 10 min of a 45-min ventilation period. Data are reported as inter-subject median [25th—75th percentile] of the intra-subject median values.
aSignificantly different from PSVqo,. PSVqo,, pressure support ventilation with no variability; vPSV4se,, variable pressure support ventilation with 15% CV variability; vPSV3qe, variable

pressure support ventilation with 30% CV variability.

CV, coefficient of variation;, PEEF, positive end-expiratory pressure; PBW, predicted body weight; APs, pressure support; Vr, tidal volume; PTF, esophageal pressure-time product;

APes, esophageal pressure swings; P, peak transpulmonary pressure.

change between vPSV sy and vPSV3gy compared with PSV o,
(Table 2). However, the variability of APs, PEEPo(, Pmean, and
V' was higher with PSV5¢, and PSV3g9 compared with PSV g,
(Table 2). The RR and PTPes min had higher variability only with
vPSV309, (Table 2). Moreover, asynchronies were more frequent
with vPSV 3¢9, compared with PSVge, (p = 0.019, Table 2).

Block 2: Physiological Effects of Variability

at Two Levels of APg

The PaO,/FiO,, as well as other gas exchange and hemodynamic
parameters, did not differ between ventilation steps in block 2
(Table 3). Ventilation modes with APs reduced by 5 cmH,0
(PSV_s5 and vPSV_s5) had lower Ppean, VT, Pr, and higher
RR (Table3). Adding #+5 cmH,O variability (vPSVpL and

vPSV_s steps) increased the variability of APs and Ppean
compared to PSV without variability at the corresponding APs
level. Adding +5 cmH,O variability increased the variability
of Vr and Pp only when using the baseline APs, but not
when the APg was reduced by 5 cmH,O. The incidence of
asynchronies was not different between ventilation steps in
block 2 (Table 3).

Tables 2, 3 report extensive details on respiratory mechanics,
hemodynamics, and arterial blood gas analysis in ventilation
blocks 1 and 2, respectively. The distribution of key respiratory
mechanics parameters in ventilation blocks 1 and 2 is illustrated
in Figures 3, 4, respectively. Supplemental Figures 3-11 report
details the evolution over time of the respiratory mechanics
parameters in the different ventilation steps.
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TABLE 3 | Gas exchange, hemodynamics, and respiratory mechanics in patients during pressure support ventilation at different variability and pressure support level (Block 2).

Ventilation modes

p-values

PSVBL VPSVBL PSV_5 VPSV_5 Overall VPSVBL VS. PSVBL PSV_5 VS. PSVBL VPSV_s VS. PSV_5
Ventilator Settings
APs setting Baseline Baseline—5 cmH,O
APg set (mH20) 14.0 [12.0-16.0] 14.0 [12.0-16.0] 9.0 [7.0-11.0] 9.0 [7.0-11.0] <0.001 0.99 <0.001 <0.001
Variability setting None + 5 cmHO No variability + 5cmH,O
APs set variability (CV %) 0 [0-0] 11 [9-13] 0 [0-0] 15 [13-20] <0.001 <0.001 0.99 <0.001
Gas exchange
Pa0,/FIO, (mmHg) 213 [180-229] 194 [180-229] 215 [183-239] 197 [167-224] 0.61
PaO, (mmHg) 95 [89-117] 99 [87-115] 99 [90-121] 98.8 [85-1112] 0.61
PaCO, (mmHg) 42 [39-46] 43 [39-48] 44 [40-49] 44 [40-51] 0.18
pH 7.47 [7.43-7.49) 7.48 [7.43-7.49) 7.47 [7.43-7.48] 7.47 [7.42-7.48) 0.21
Hemodynamics
Heart rate (min—") 83 [77-93] 84 [77-92] 84 [77-92] 86 [76-92] 0.46
Mean arterial pressure (mmHg) 88 [81-93] 82 [78-87] 80 [77-90] 86 [77-90] 0.37
Respiratory mechanics
AP measured (€MH20) 13.2 [12.0-15.8] 13.6 [12.5-15.9] 8.4[7.0-10.5]2 8.5[7.2-10.7] <0.001 0.92 <0.001 0.67
APsmeasured (CV, %) 1.5[0.9-4.8] 121 [11.1-14.32 2.3[1.7-6.6] 17.9 [15.2-18.6]° <0.001 0.001 0.99 <0.001
Total PEEP (cmH»0) 7.6 [6.2-8.4] 7.5 [6.2-8.5] 7.7 [5.8-8.7]2 7.7 [5.7-8.7] 0.001 0.99 0.009 0.92
Total PEEP (CV, %) 2.3[1.4-4.9] 2.6 [1.8-8.0] 2.1[1.6-4.3] 2.4 [1.4-5.9] 0.09
Prean (cmH20) 11.0[9.7-12.6] 11.2[9.7-13.1] 9.7 [8.4-11.9]7 9.8[8.4-11.8] <0.001 0.67 <0.001 0.99
Prean (CV, %) 5.4[3.4-8.2] 8.1[5.5-10.2]2 2.5[1.8-5.0] 6.0 [4.5-7.3]° <0.001 0.014 0.11 0.029
Respiratory rate (min ~T) 14.7 [13.7-18.3] 17.6 [14.8-19.4] 22.9[16.0-24.9] 20.1[16.9-26.8] 0.022 0.96 0.041 0.95
Respiratory rate (CV, %) 18.8 [10.6-46.4] 32.0[16.1-60.3] 13.1[6.2-35.2] 14.6 [9.7-17.7] 0.003 0.43 0.43 0.99
V1 (ml’kg of PBW) 8.5[7.2-9.4<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>