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Abstract

Acute Respiratory Distress Syndrome (ARDS) is a severe lung inflammatory disorder with a 30—
50% mortality. Sepsis and pneumonia are the leading causes of ARDS. On the cellular level there
is pulmonary capillary endothelial cell permeability and fluid leakage into the pulmonary
parenchyma, followed by neutrophils, cytokines and an acute inflammatory response. When fluid
increases in the interstitium then the outward movement continues and protein rich fluid floods the
alveolar spaces through the tight junctions of the epithelial cells. Neutrophils play an important
role in the development of pulmonary edema associated with acute lung injury or ARDS. Animal
studies have shown that endothelial injury appears within minutes to hours after Acute Lung
Injury (ALI) initiation with resulting intercellular gaps of the endothelial cells. The Endothelial
Cell (EC) gaps allow for permeability of fluid, neutrophils and cytokines into the pulmonary
parenchymal space. The neutrophils that infiltrate the lungs and migrate into the airways express
pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-a), interleukin-1 beta
(IL-1B), and contribute to both the endothelial and epithelial integrity disruption of the barriers.

Pharmacological treatments have been ineffective. The ARDS Network trial identified low tidal
volume mechanical ventilation, positive end expiratory pressure and fluid management guidelines
that have improved outcomes for patients with ARDS. Extracorporeal membrane oxygenation is
used in specialized centers for severe cases. Prone positioning has recently proven to have
significantly decreased ventilator days and days in the intensive care unit.

Current investigation includes administration of mesenchymal stem cell therapy, partial fluid
ventilation, TIP peptide nebulized administration and the continued examination of pharmacologic
drugs.
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Introduction

Acute Respiratory Distress Syndrome (ARDS) is a severe lung inflammatory disorder with a
30-50% mortality [1,2]. Sepsis and pneumonia are the leading causes of ARDS. On the
cellular level there is pulmonary capillary endothelial cell permeability and fluid leakage
into the pulmonary parenchyma, followed by neutrophils, cytokines and an acute
inflammatory response [3]. When fluid increases in the interstitium then the outward
movement continues and protein rich fluid floods the alveolar spaces through the tight
junctions of the epithelial cells. ARDS was initially described in the 1960s’ by Petty and
Ashbaugh [4]. In 1994 a large clinical network was established through the National Heart,
Lung and Blood Institute (NHLBI) with the goal of efficiently testing promising agents,
devices or management strategies to improve the care of patients with ARDS (NHLBI
ARDS Network website). The ARDS Network trial identified low tidal volume mechanical
ventilation, Positive End Expiratory Pressure (PEEP) and fluid management guidelines that
have improved outcomes for patients with ARDS. Other management modalities have been
tested including steroids, antifungals, beta agonist and nitric oxide. The pharmacologic trials
have not yielded a therapeutically effective strategy. Treatment modalities include
Extracorporeal Membrane Oxygenation (ECMO), ventilator bundles and persistent
evaluation of pharmacological entities such as heparin [5]. Current research is primarily
focused on the role of biological biomarkers in early therapeutics or preventative approaches
for ARDS [6] and mesenchymal stem cell treatment [7].

Pathophysiology

ARDS is a Non-Cardiogenic Pulmonary Edema (NCPE). The NCPE in ARDS is ultimately
a result of capillary permeability secondary to cellular damage, inflammatory cascades, and
over inflation by mechanical ventilation resulting in endothelial permeability. The
endothelial cell barrier is a single layer of continuous endothelium lining the pulmonary
capillaries and forms a single layer between blood and the pulmonary interstitium. The
pulmonary capillaries have extremely thin walls to allow rapid exchange of respiratory gases
across them [8]. In ARDS disturbances of pulmonary capillary fluid balance and pulmonary
permeability occur as a direct result of bacterial infection, endotoxins and subsequent
inflammation that cause disruption in the capillary EC barrier with barrier disruption and
subsequent pulmonary venous congestion. As the fluid overload initially enters the
pulmonary interstitium it is taken up by the lymphatic system to be returned to the vascular
system. The hydrostatic forces are then altered as a direct result of injury to the capillary
endothelium. The interstitial space can increase its volume by as much as 40% without
resulting in pulmonary edema [9]. However persistent fluid accumulation overwhelms the
lymphatic drainage and tissue edema results. Finally, when the fluid overwhelms the
hydrostatic forces and the excess fluid flows into the alveoli. The edema that is caused by
the increasing fluid and vascular permeability is a hallmark of inflammation and tissue
injury [10]. The edema formation can have severe consequences because the fluid and
protein components in the edematous tissues and alveoli increase the diffusion barrier for
oxygen and carbon dioxide with subsequent disruption of gas exchange thus precipitating
hypoxia and respiratory failure. The ensuing pulmonary edema in patients with ARDS has
been shown to be a high protein pulmonary edema. In fact, the fluid/ plasma ratio may be
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used to differentiate the etiology of pulmonary edema in ARDS and cardiogenic pulmonary
edema. The fluid/plasma ratio is a measurement of the alveolar fluid obtained by Bronchial
Alveolar Lavage (BAL), to the serum plasma during acute pulmonary edema and has been
shown sensitive enough to differentiate a low protein fluid that results from cardiac
pulmonary edema compared to a high protein ratio that occurs with illness such as ARDS
[11,12]. The protein concentration in the pulmonary interstitium of ARDS exceeds 60% of
the plasma value whereas the protein concentration in non ARDS causes is less than 45%
[13,14]. The result is a high permeability of the EC barrier and a high protein in the
interstitial space with the protein content similar to blood. The acute rate of volume
accumulation is another factor in the subsequent hypoxic respiratory failure and pulmonary
edema. Pulmonary alveoli, the primary sites of gas exchange with the blood, are composed
of a thin alveolar epithelium that covers 99% of the surface area in the lung and contains
thin, squamous type I cells and cuboidal type Il cell. Type I cells cover 95% of the alveolar
surface. The epithelial lined alveolar spaces facilitate gas exchange and form a tight barrier
to fluid and protein movement from the interstitial and vascular spaces maintaining
relatively dry alveoli. Tight junctions connect adjacent epithelial cells near the apical
surfaces and maintain apical and basal-lateral cell polarity. The tight junctions are important
elements of the permeability barrier necessary to maintain normal gas exchange. The
alveolar type 11 cell that secretes surfactant contributes to the vectorial transport of sodium.
Active transport of sodium provides a major driving force for fluid removal from the
alveolar space. Amiloride sensitive sodium channels on the apical surface, mainly the
Epithelial Sodium Channel (ENaC) are involved in fluid transport with the driving force
represented by the sodium/potassium adenosine triphosphatase (Na*/K*-ATPase) on the
basolateral surface [15]. Injury of the alveolo-capillary barrier alters active Na* transport,
leading to impaired edema fluid clearance from the alveolar spaces. The primary force
driving fluid reabsorption from the alveolar space into the interstitium and the pulmonary
circulation is active Na* transport. Sodium is taken up on the apical surface of the alveolar
epithelium by Amiloride-sensitive and insensitive Na* channels and is subsequently pumped
out of the cell by Na*/K*-ATPase on the basal-lateral side (Gene Therapy in Critical Care
Medicine http://dx.doi.org/10.5772/52701, by Moreno-Gonzalez and Zarain-Herzberg,
2013). Pulmonary edema is caused by a dysregulated function of the ion channels in type Il
alveolar epithelial cells [15].

The Role of Neutrophils ALI/ARDS

Neutrophils play an important role in the development of pulmonary edema associated with
ALI/ARDS [16]. Initially pulmonary macrophages are activated and recruit neutrophils to
the injured capillaries where they are found leaking into the pulmonary parenchymal
interstitium. Here they sequester and initiate an important component of the inflammatory
response in endotoxin induced ALIJARDS. This activation and migration of neutrophils is a
characteristic event in the progression of ALl and ARDS. Animal studies have shown that
endothelial injury appears within minutes to hours after ALI initiation with resulting
intercellular gaps of the EC. The EC gaps allow for permeability of fluid, neutrophils and
cytokines into the pulmonary parenchymal space [17]. The neutrophils that infiltrate the
lungs and migrate into the airways express pro-inflammatory cytokines such as TNF-a,
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IL-1pB, and contribute to both the endothelial and epithelial integrity disruption of the barriers
[16,18]. It has also been well documented that the percentage of neutrophils correlates
directly with the alveolar-arterial partial pressure of oxygen (PO,) difference in ALI/ARDS
pulmonary edema [19]. Neutrophil sequestration is aided by chemotactic factors and by the
adhesion molecules on both the neutrophils and capillary endothelial cells [20,21].The
activated neutrophils expressing IL-1f produce other pro-inflammatory cytokines after
endotoxin administration. In fact the removal of neutrophils after endotoxin administration
almost entirely prevents an increase of IL-1p expression and attenuates endotoxin induced
TNF-a. Neutrophils are the major source of IL-1f in murine models of the lung in ALI [18].
Another feature of the neutrophils that accumulate in the lung of murine models is increased
activation of the transcriptional regulatory nuclear factor cappa B(NF-xB). NF-xB is a
protein complex that controls transcription of DNA and is involved in cellular responses to
stimuli such as pulmonary edema due to ALI/ARDS. It is key in regulating the endotoxin
induced immune response in neutrophils and produces increased amounts of pro-
inflammatory cytokines whose transcription is dependent on NF-xB [22]. Neutrophils also
become an increasing liability in the edematous pulmonary interstitium as they release free
radicals

The Molecular Mechanisms of the Pulmonary Barrier Injury in ALI/ARDS

The thin alveolar-capillary barrier allows oxygen-carbon dioxide (CO,) exchange for normal
respiration. The major consequence of pulmonary edema is impaired gas exchange that
interrupts the normal fluid exchange balance. The alveoli epithelium removes fluid by
molecular mechanisms of sodium transport however the capillary endothelial barrier
function has only incompletely defined pathways affecting the concurrent barrier disruption.
Permeability of the EC in the capillaries with concurrent alveolar-capillary membrane
damage and with leakage of fluid, neutrophils, proteases, cytokines and free radicals that all
contribute to the ensuing pulmonary edema is a prominent feature of permeability edema
and ALI/ARDS [23]. The alveolar liquid clearance from the alveolus into the interstitium is
based on active sodium transport largely through the highly regulated apical Amiloride
sensitive Epithelial Sodium Channel Complex (ENaC) with concomitant passive water
transport and the Na*, K* ATPase exchange [24,25]. The Na*, K* ATPase exchange
transports the alveolar liquid into the interstitium and ultimately into the lymphatic and
blood vessels [26,27]. However these transport processes are often impaired in ALI or
ARDS. Itis likely that the induction of increased permeability of the pulmonary capillary
bed is directly linked to reversible physical modifications of the pulmonary capillary
endothelium [28]. The capillary endothelial regulation of endothelial permeability involves
various pathways such as those involving (ROS), Rho Guanosine Triphosphate Enzymes
(GTPases), and tyrosine phosphorylation of junctional proteins that all converge to regulate
junctional permeability. They either affect the stability of junctional proteins or modulate
their interactions [27]. The regulation of permeability at the junctions is mediated by active
communication between the proteins of the adherens junctions and the Actin cytoskeleton.
Actin mediated endothelial cell contraction is the result of Myosin Light Chain (MLC)
phosphorylation by MLC kinase (MLCK) in a Ca2*/calmodulin- dependent manner. RhoA
also potentiates MLC phosphorylation by inhibiting MLC phosphatase activity through its
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downstream effector Rho kinase (ROCK). As the Actin/myosin driven contraction generates
a contractile force it pulls Vascular Endothelial (VE)-cadherin inward. This contraction will
force VE-cadherin to dissociate from its adjacent partner causing endothelial gaps the basic
pathology in permeability pulmonary edema [27]. It is increasingly recognized that the
injured lung cells release inflammatory mediators into the systemic circulation contributing
to the deleterious effect on other organs. One study showed that, in the septic patient with
ARDS, human epithelial pulmonary cells stimulated with bacterial Lipopolysaccharide
(LPS) release inflammatory mediators that are able to induce a translational clinically
relevant and harmful response in brain cells [1].

Biomarkers

One of the challenges in ARDS is to identify patients at risk of developing ARDS or to
predict mortality once the disease is established. The ARDS net Clinical trial network
looked at the biologic index of biomarkers combined with clinical risk factors. This clinical
trial looked at markers that had been shown to be increased in ARDS. The result showed
significant changes in inflammatory cytokines interleukins (IL-6 and 1L-8), coagulation
proteins Plasminogen Activator Inhibitor-1(PAI-1), protein C, epithelial proteins, a serologic
biomarker for interstitial lung disease (KL-6), Surfactant Protein (SP-D), Receptor For
Advanced Glycation End Products (RAGE) and Endothelial Proteins Angiopoietin-2
(ANG-2), Intercellular Adhesion Molecule 1 (ICAM-1), von Willebrand Factor (VWF)
[6,29]. They found the two best performing biomarkers were IL-8, a potent Neutrophil
chemo-attractant and SP-D, produced by type 2 alveolar epithelial cells [29]. Endocan, an
endothelial cell specific molecule-1 secreted from pulmonary and kidney vascular
endothelial cells has recently been shown to be significantly increased in moderate or severe
ARDS non-survivors. Endocan levels predicted the mortality of patients with ARDS.
Procalcitonin (PCT) was also significantly increased in the same study in ARDS [6]. Clara
Cell Protein (CC16) performed well as a potential biological marker for ARDS in patients
with ventilator associated pneumonia and ARDS [30]. It is likely that no one biomarker will
be able to predict with complete accuracy the risk of development, diagnosis and prognostic
course of ARDS in patients. Rather it is projected that there will be a panel of the best
potential markers to select these patients.

Management

Current management of ARDS is unchanged since the ARDShet trials revealed the only
strategy that improved survival is Mechanical Ventilation (MV) with low tidal volumes of
6mg/kg ideal body weight. Other trials revealed that days on the ventilator and in the
intensive care unit are shortened by a conservative fluid strategy and that restricting fluid
intake and promoting fluid excretion is more effective that a liberal fluid strategy in patients
with ARDS [31]. There are clear guidelines for the treatment of the two most common
underlying causes of ARDS. The standard for pneumonia classification with the severity
CURB-65 score (confusion, uremia, respiratory rate, blood pressure, age greater than 65) or
the Pneumonia Severity Index (PORT) scores to admit the appropriate patients to the
hospital ward or intensive care unit based on the models that have been shown to predict
mortality. Sepsis bundles with early goal directed therapy for patient with sepsis of any
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source have improved the outcomes for patients with sepsis and also likely reduced cases of
ARDS. These criteria for common causes of ARDS have likely decreased the development
of ARDS in some cases by improved care of these underlying causes. However the
incidence, prevalence and mortality are too high and there is an intensive search for a
healing therapy. Alternative ventilation modes of ventilation are utilized when conventional
low tidal volume MV is unsuccessful. Airway Pressure Release Ventilation (APRV) and
High Frequency Oscillatory Ventilation (HFOV) are modes designed to prevent or minimize
Ventilator Induced Lung Injury (VILI). The goal of both of these modes is to use an open
lung strategy to improve oxygenation while keeping the lungs uniformly open. APRV, a
high continuous positive airway pressure is delivered for a long duration and then falls to a
lower pressure for a shorter duration. Alveolar recruitment is maximized by the high
continuous positive airway pressure. There is no proof that APRV improves mortality,
however, there are ongoing studies that may reveal further information about this mode of
ventilation [32,33]. HFOV uses an oscillatory pump to deliver a respiratory rate of 3 to 15
Hertz (up to 900 breaths per minute) through the endotracheal tube. The constant mean
airway pressure maintains alveolar recruitment, avoids low end-expiratory pressures and
avoids high peak pressures. Although HFOV s initially associated with improved
oxygenation it has not been associated with improved survival [34]. Another MV mode that
has been utilized is Partial Liquid Ventilation (PLV) is a technique of MV in which the
lungs are insufflated with oxygenated Perfluorochemical (PFC) liquid rather than oxygen-
containing gas mixture. The lungs are slowly filled with a volume of PFC close to the
functional residual capacity during gas ventilation. The PFC in the lungs is oxygenated and
carbon dioxide is removed by means of gas breaths cycling in the lungs with traditional MV
[35]. In ARDS some studies have shown that PLV can improve gas exchange in ARDS by
recruitment of the atelectatic, consolidated dependent regions of the lungs that contribute to
physiologic shunt during gas ventilation Pulmonary blood flow is also redistributed to less
severely injured and/or atelectatic regions of the lung thus improving ventilation perfusion
matching [36]. The most recent Cochrane Database Systematic Review update shows that in
spite of trials and persistent research with two new trials there is not enough evidence that
supports the use of PLV in ARDS and some evidence suggests an increased risk of adverse
events associated with its use [37]. A non-pharmacologic application for treatment of severe
ARDS that is not being effectively treated by the current clinical types of mechanical
ventilation is Extracorporeal Membrane Oxygenation (ECMO). ECMO is a form of partial
cardiopulmonary bypass that can be employed in longer term support of respiratory and/or
cardiac function [38]. ECMO offers artificial temporary and respiratory support that is
maintained until the patient recovers from severe respiratory failure [39]. ECMO use for
respiratory failure was first described in 1972, however the technology was primitive and
knowledge about acute lung injury was limited with the terminology of “shock lung” used in
the articles description [40]. Despite initial problems ECMO use continued in some centers
and there was renewed interest as a treatment for ARDS when ECMO was proposed as a
rescue therapy in the 2009 H1IN1 pandemic, and had good outcomes [39]. The main
indication for the use of ECMO is in refractory hypoxemia and the risk of mortality is 80%
or greater. The Extracorporeal Life Support Organization (ELSO) has published guidelines
that address personnel, training, resources, use of ECMO and quality assurance. According
to the ELSO guidelines for ARDS the criteria for consideration are as follows: (A) a 50%
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mortality risk that is associated with a PaO2/FiO2 < 150 on FiO2 > 90% and/or Murray
score 2-3 and(B) an 80% mortality risk that is associated with a PaO2/FiO2 < 100 on FiO2>
90% and/or Murray score 3—4 despite optimal care for 6 hours or more and CO5, retention on
mechanical ventilation despite high Pplat (>30cm H20) and severe air leak syndromes
(ELSO guidelines http://www.elsonet.org/index.php?option=com_phocadownload). There
are no absolute contraindications of ECMO however there are some conditions that may be
relative contraindications. The main adverse outcome is bleeding including CNS
hemorrhage. Prone positioning in ARDS has recently been evaluated in a multicenter,
prospective, randomized, controlled trial with 466 patients with severe ARDS with a PaO2/
F102 ratio of < 150 mm Hg, FIO2 of > 0.6 and a PEEP of > 5 cm H20. The patients who
underwent prone-positioning were left in sessions of at least 16 hours or the controls were
left in supine position throughout their ICU stay. Survival after severe ARDS was
significantly higher (32.8%) in the prone group than in the supine group (16%) despite the
fact that the mortality in the supine group was lower than anticipated (P<0.001) [41]. Prior
Meta analysis suggested that survival was improved with prone positioning compared with
supine positioning however with the most recent results in a well conducted trial prone
positioning may be integrated into the standard of care for the severe ARDS patient.

New Treatment Strategies

Mesenchymal Stem Cells (MSCs) are a potential new approach for treatment of ARDS.
MSCs are multipotent, self-renewing cells initially isolated from bone marrow that can
differentiate into a variety of cell types. The interest in a cell based therapy has been piqued
since the ineffectiveness of specific pharmacologic therapies has evolved. Numerous studies
have demonstrated that the soluble factors or products derived from human MSCs generate a
local immunosuppressive microenvironment by secreting cytokines [42,43]. As a result
there is intense study focusing on the paracrine properties of MSCs [7]. It also appears that
MSCs do not generate allo-responsiveness and this makes MSCs an attractive treatment
[43]. It has been found that Bone Marrow Derived (BMD) MSC markers are negative for
cluster of differentiation 45 and 11b (CD45 and CD11b) and are capable of differentiating
into a variety of cell types, including endothelial, epithelial and neuronal cells. When
BMDMSCs are infused into mice they can be found with the phenotypic characteristics of
cells in the organ where they reside. In the lung, BMDMSCs have been detected as type |
and type Il alveolar epithelial cells, endothelial cells, fibroblasts and bronchial epithelial
cells. It seems certain that these cells have the capacity to localize into injured lung and
differentiate into specific cell types [44]. In a study with bleomycin-induced lung injury in
mice it was found that transplanted MSCs localized to the injured lung and assumed
parenchymal cell phenotypes. In this model of lung injury MSCs transplant prevented
increased lung expression of immune related inflammatory cytokines interleukin (IL)-1p,
interferon (IFN)-y, IL-2, IL-4 that may provide an environment beneficial to lung repair.
MSCs were also shown to induce production of anti-inflammatory prostaglandins and I1L-10
and this may be the mechanism of the suppressive inflammatory effect. In addition to MSCs
suppression of the local microenvironment [44]. The administration of MSCs in an
endotoxin model of acute lung injury via administration of MSC directly into the airspaces
of the lung 4 h after the intrapulmonary administration of lipopolysaccharide significantly
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decreased lung water, a measure of pulmonary edema and bronchoalveolar lavage protein, a
measure of endothelial and alveolar epithelial permeability and increased survival compared
with phosphate buffered saline-treated mice. The protection was shown to be mediated by a
shift from a proinflammatory to an anti-inflammatory response to endotoxin that includes
enhanced production of IL-10 [45]. Based on in vitro and in vivo studies multiple studies
suggesting MSC benefits in various clinical disorders including acute lung injury there has
been a randomized, placebo-controlled pilot study with the objective to examine the possible
adverse events after systemic administration of allogeneic adipose-derived MSCs in ARDS
patients and to determine potential efficacy of MSCs on ARDS. Twelve adult patients with
ARDS with a partial pressure of arterial oxygen to fraction inspired oxygen (PaO2/FiO2)
ratio of < 200 were randomized to receive allogeneic MSCs or placebo. There were no
infusion toxicities or serious adverse events between the two groups. The conclusion was
that administration of allogeneic MSCs appeared to be safe in the treatment of ARDS.
However there were no significant differences in the levels of inflammatory cytokines with
the dose of MSCs that was used. Further optimization of the strategy will be required to
reach the goal of reduced lung injury in ARDS [46]. A Phase 1, open label, dose escalation,
multi-center trial of allogeneic bone marrow-derived human MSCs to treat ARDS is
recruiting patients (http://clinicaltrials.gov/ct2/show/NCT01775774). Tumor necrosis factor
is a potent pro-inflammatory cytokine produced by many cell types. It is involved in
systemic inflammation and is a member of a group of cytokines that stimulate the acute
phase reaction. It is principally produced by activated macrophages although it can be
produced by other cell types. TNF is also able to reduce lung edema in different
inflammatory processes such as non-cardiogenic pulmonary edema. The lectin-like domain
of TNF, mimicked by a circular seventeen amino acid peptide, TIP peptide, is responsible
for the reduction in lung edema clearance in murine models of non-cardiogenic pulmonary
edema [24,47,15,48]. Studies of lung injury induced in 16 pigs by BAL lavage followed by
injurious ventilation received either nebulized TIP or water. The Extravascular Lung Water
Index (EVLWI), the PaO2/FIO2 ratio and the pulmonary shunt fraction were assessed. The
inhalation of TIP induced an amelioration of clinical surrogate parameters of the lung
function in a porcine lung injury model demonstrating the TIP peptide as an innovative
approach as supportive therapy in ARDS [48]. Based on these findings the TIP peptide is
now in clinical trials in Europe with the findings yet to be published. Pharmacologic
therapies continue to be investigated although most are still in the early development stage.
Some of these include adenosine [49], heparin and low anticoagulant heparins [50-51],
growth hormones [52], Heat Shock Protein 90 inhibitors [53]. Effective pharmacotherapy
for ARDS remains extremely limited [54].

Conclusion

The most common causes of adults with severe ARDS are sepsis and pneumonia and
mortality rates continue to be high. The underlying pathology includes local and systemic
inflammation. Biomarkers are identified however the emergence of a single biomarker has
not surfaced and will likely have a panel of biomarkers to predict the severity and course of
ARDS. The use of lung protective MV, alternative modes of ventilation, ECMO and prone
positioning can improve mortality. Active research includes mesenchymal cells installation,
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TIP peptide and persistent evaluation for a pharmacologic therapy to benefit patients in

severe ARDS.
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