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Abstract: Acute respiratory distress syndrome (ARDS) is a serious affection of the lung caused by a
variety of pathologies. Great interest is currently focused on ARDS induced by viruses (pandemic
influenza and corona viruses). The review describes pulmonary changes in ARDS and specific effects
of the pandemic viruses in ARDS, and summarizes treatment options. Because the known pathogenic
mechanisms cannot explain all aspects of the syndrome, the contribution of pulmonary lymphatics
to the pathology is discussed. Organization and function of lymphatics in a healthy lung and in
resorption of pulmonary edema are described. A future clinical trial may provide more insight into
the role of hyaluronan in ARDS but the development of promising pharmacological treatments is
unlikely because drugs play no important role in lymphedema therapy.

Keywords: acute respiratory distress syndrome; pulmonary lymphatics; influenza virus; corona
virus; pulmonary edema; acute respiratory distress syndrome (ARDS) treatment

1. Introduction

Adult acute respiratory distress syndrome (ARDS) was first described as a non-
cardiogenic pulmonary edema and is currently defined according to the “Berlin Definition
of ARDS” as the acute onset of hypoxia and bilateral pulmonary opacities not fully ex-
plained by a cardiac cause [1]. Acute onset is specified to be within 1 week of a precipitating
illness and hypoxia is determined by a partial pressure of oxygen (PaO,) to fraction of
inspired oxygen (FiO,) ratio less than or equal to 300 mm Hg while receiving a minimum
of 5 cm HyO of positive end-expiratory pressure (PEEP). Although lung tissue of infants
is less prone to inflammation and fibrosis and the relative amount of endogenous surfac-
tant is higher in children than in adults, inflammation, cellular damage, and surfactant
dysfunction occur in a similar way as in adults [2]. Despite the similarities to adult ARDS,
the Pediatric Acute Lung Injury Consensus Conference (PALICC) published, in 2015, a
pediatric-specific definition for ARDS [3].

Adult ARDS can develop in various pathological conditions and is classified as “direct”
or “indirect” based on the underlying pathology [4]. Affections of the lung (pneumonia, as-
piration, and pulmonary contusion) cause direct ARDS, extrapulmonary (systemic) diseases
(non-pulmonary sepsis, non-thoracic trauma, and transfusion) indirect ARDS. The majority
of ARDS cases are caused by severe pneumonia (30-50%), sepsis (25-30%), and severe
trauma 10-25%. Bacteria-induced ARDS (Streptococcus pneumonia, Staphylococcus aureus)
was more frequent than viral-induced ARDS (influenza A) or fungal ARDS (Pneumocystis
jirovecii). Diffuse alveolar damage (DAD) was seen in 45% of patients, while 55% of the
lungs demonstrated various other histopathologic findings. In direct ARDS, usually more
DAD, alveolar collapse, fibrin deposition, and alveolar wall edema is seen than in indirect
ARDS. The largest cross-sectional study including 50 countries (LUNGSAFE) reported that
ARDS incidence in intensive care unit (ICU) patients was higher in Europe (0.48 cases/ICU
bed over 4 weeks) und the United States (0.46 cases) than in Africa (0.32 cases), South
America (0.31 cases), and Asia (0.27) [5]. The incidence of ARDS is lower in 15-19-year-old
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individuals (16/100,000 person-years) compared to 75-84-year-old persons (306/100,000
person-years) [6]. Among the hospitalized patients, there was, however, no clear difference
regarding admission to ICU, ventilation length, and length of hospitalization between pa-
tients younger or older than 65 y [7]. Neonatal ARDS is due to immaturity of the lung, and
standard treatment consists of the administration of an exogenous surfactant. Clinical trials
reported variable efficacy, which appears to be due to the fact that an exogenous surfactant
is quickly inactivated by phospholipases and that commercially available surfactants lack
anti-inflammatory compounds of natural surfactants, such as surfactant proteins A and D
or dioleoyl-phosphatidylglycerol. In contrast to neonate ARDS, there is no standardized
pharmacological treatment for adult ARDS.

Research on adult ARDS intensified recently because in December 2019 pulmonary
infections caused by a new virus, the severe acute respiratory syndrome corona virus 2
(SARS-CoV-2), occurred. SARS-CoV-2 was classified as a pandemic in March 2020 and, by
the end of October 2021, caused almost 5 million deaths worldwide. ARDS developed in
42% of patients with SARS-CoV-2-induced pneumonia [8]. Due to the pandemic, ARDS
cases in the United States rose from 495,655 in 2017, to 550,371 in 2020 [9]. There is a
great need to better understand the syndrome and to identify critical parameters and
potential prognostic markers for survival. Several studies investigated mortality rates
from ARDS. They varied from 15 to 72% with an overall pooled mortality of 43% and
showed a trend for decrease between 1994 to 2006 [10]. The authors concluded that the
main factor was the improved lung-protective ventilation but that also better timing and
rationalization of therapeutic interventions, glucose control, hygienic measures, and better
sepsis management played a role. By contrast, pharmacological treatment was less effective
(see [11]). Also, the large LUNGSAFE study, published in 2016, reported mortality of 40%,
highlighting the need for better treatments [5].

This review will describe pulmonary changes in ARDS, the two common types of
viruses that induce ARDS including their differences in morphology and replication cycle,
and list currently available treatments. The role of pulmonary lymphatic vessels will be
discussed as an additional parameter in ARDS by describing the architecture and function
of the pulmonary lymphatic system.

2. Lung Changes in ARDS

ARDS irrespective of the underlying disease causes a spectrum of pathological changes
mainly in the alveolar parts of the lungs. The alveoli are the most important part of the lung
for gas exchange and, therefore, the alveolar barrier has to be very thin. The lining epithelia
of the alveolar surface is composed of 95% of the flat alveolar epithelial type I (AT1) cells
(Figure 1). The AT2 cells are slightly taller and serve for the production of surfactant to
decrease lung surface tension and for replacement of damaged AT1 cells. Together with
the liquid layer on top of the epithelium and the endothelium of the blood vessels, the
barrier for gas exchange has a maximum thickness of 2.2 um [12]. Other important cells
at the alveolar barrier are the alveolar macrophages, which recycle pulmonary surfactant;
remove foreign particles and debris from the lung surface; and keep the lungs in a quiet,
not inflamed, state. More detailed description of the lung architecture and morphology is
available elsewhere (e.g., [13]).
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Figure 1. Alveolar changes in acute respiratory distress syndrome (ARDS). Diffuse alveolar damage
(DAD) is characterized by death of alveolar epithelial cells; disruption of tight junction between
alveolar type 1 cells; and mitochondrial damage and invasion of erythrocytes, monocytes, and
neutrophilic granulocytes from blood vessels. Interstitial fluid and protein accumulate in the alveolus,
and fluid, protein, and hyaluronan (HYA) in the interstitium. If fluid and proteins are not removed
from the alveolar lumen by epithelial sodium channels and Na/K-ATPase or endocytosis by the
alveolar epithelium and fluid, then proteins and HYA uptake into lymphatic vessels, and fibrin
deposition and formation of hyaline membranes occurs. Excessive formation of collagen by fibroblasts
leads to fibrosis.

The course of ARDS can be divided into exudative, proliferative, and fibrotic phase [14].
The increase of pulmonary water content is termed pulmonary edema and is one of the
most important features of the exudative phase of ARDS. Lung tissue, cells, blood, and
interstitial space consists of 80% of water [15]. If the normal amount of interstitial water
(35%) increases to 50%, individual alveoli will fill with fluid. Fluid accumulation not only in
the alveoli but also in the interstitial space of the lungs hinder gas exchange [16]. Intrinsic
contractility of lymph vessels as well as the inspiration and expiration of lymphatic valves
determine lymphatic flow, but fluid transport capacity appears to be low. Furthermore,
lymphatic vessels may be compressed when the interstitial pressure increases. Fluid ac-
cumulates first in the hilar region and in sheaths around the large pulmonary vessels,
where pressure is highest and interstitial compliance lowest. Hydrostatic (cardiogenic) and
increased permeability pulmonary edema (ARDS) show similar radiologic findings, such
as widened vascular pedicle, pleural effusion, peribronchial cuffs, and septal lines [17].
Although the frequency of these findings differs between the two forms of ARDS, chest
radiography is not able to reliably differentiate between them. The exudative phase lasts
for about 7 days and is characterized by eosinophilic depositions (hyaline membranes),
alveolar hemorrhage, accumulation of white blood cells (mainly neutrophilic granulocytes),
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fibrin deposits, and alveolar collapse. Intercellular junctions are disrupted in ARDS due
to alveolar cell damage, cell loss, and invasion of neutrophils. In the proliferative phase
(3 weeks), hyperplasia of AT2 cells and interstitial fibrosis takes place. In the fibrotic phase,
fibrosis continues and loss of alveolar structure and emphysema occur. Clinically oriented
descriptions of ARDS discriminate between exudative (edema), transition (hyaline mem-
brane formation), proliferative (inflammation and fibroplasia) and fibrotic (progressive,
stable fibrosis, or resolution) phase [18]. According to another classification, there are two
only phases, exudative and fibroproliferative phase, where the proliferative phase consists
of a subacute phase of 7-14 days with reabsorption of pulmonary edema, proliferation of
AT?2 cells, infiltration with fibroblasts, and collagen deposition. The subsequent chronic
phase of undetermined length involves resolution of the neutrophil infiltrate, accumulation
of macrophages and mononuclear cells in the alveoli, and additional fibrotic changes [19].
Increased numbers of fibroblasts in the interstitial space issue cause excessive collagen
production and may lead to remodeling and lung pulmonary atrial hypertension (PAH).
PAH is defined as >20 mm Hg as mean pulmonary arterial pressure. Acute increase in
pulmonary artery pressure due to vasoconstriction is commonly seen in ARDS and most
likely contributes to ventilation-perfusion mismatch, which is a cause of hypoxemia. The
prevalence of acute PAH in ARDS has been indicated as 46.6-92% [20]. PAH in ARDS did
not increase mortality of ARDS, which was 36.6% for both groups [21]. PAH after recovery
from ARDS was also reported in 60% of survivors with SARS-CoV-2 [22]. Increased circu-
lating endothelin 1 (ET-1) levels and local deposition of hyaluronan/hyaluronic acid (HYA)
in the lung parenchyma are indicators for PAH [23]. Relevant for the development of PAH
are accumulation and activation of neutrophils in the lung microvasculature with release
of proteases, reactive oxygen species, pro-inflammatory cytokines, and pro-coagulant
molecules [19]. It is generally accepted that the first 7 days after the onset of ARDS are
the critical period, where the main treatment goal is to reduce DAD as well as possible,
because it is associated with higher mortality. Vascular remodeling and proliferation of
smooth muscle cells through the release of ET-1 occlude the pulmonary vasculature, and
fibrocellular obliteration of the microvasculature may subsequently leads to manifesting
PAH. Pulmonary fibrosis and PAH are linked because PAH is a quite common complication
of pulmonary fibrosis with a reported occurrence from 32% to 85% [24]. Lung fibrosis
occurred after less than 1 week in 4% of the patients [25], but typically (61% of patients)
fibrosis develops after a duration of greater than 3 weeks.

ARDS is not an isolated pathology of the lung but is linked to general hypoxemia,
dysregulated hemostasis, and multiorgan dysfunction syndrome (MODS), which affects
renal, hepatic, gastrointestinal, central nervous, and cardiovascular system [26]. It is
hypothesized that ARDS is not the cause of MODS but ARDS and MODS are correlated
syndromes promoted by vascular microthrombotic disease (VMTD) [27].

Instead of increasing fibrosis and tissue remodeling, resolution may occur. Apical
epithelial sodium channels (ENaC) and basolateral Na/K-ATPase of AT1 and AT2 cells can
transport fluid from the lumen of the alveoli to the interstitial space. Proteins are absorbed
by endocytosis of alveolar epithelial cells. Lymphatics and microcirculation in the healthy
lungs subsequently remove the fluid together with macromolecules such as proteins and
HYA, from the interstitial space. In ARDS, resorption is delayed because decreased ENaC
and cystic fibrosis transmembrane conductance regulator (CFTR) activity of cells infected
with swine flu (influenza A virus HIN1) [28] and downregulation of Na/K-ATPase by hy-
poxia hinder fluid resorption. Proliferation of cytokeratin 5 positive (KRT5+) basal cells to
replace alveolar cell loss is decreased by hypercapnia, and surfactant dysfunction induced
by proteinaceous fluid in the alveoli results in atelectasis [23]. Virus-induced ARDS has
gained less attention in the past because it is not common in nonimmunocompromised
patients [29]. Corona viruses and pandemic influenza A viruses, however, have a signifi-
cantly higher frequency of ARDS [30]. Characteristics of SARS-CoV-2-induced ARDS in
contrast to ARDS caused by other pathologies were listed as follows: patients display little
breathlessness despite marked hypoxemia; lung compliance is well preserved; hypoxemia
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is associated with large intrapulmonary shunt; and the benefit of prone ventilation is larger
than for typical ARDS [31].

2.1. Virus-Induced ARDS

Pandemic influenza A viruses and corona viruses are the most relevant viruses that
may cause ARDS. Influenza A is a negative sense RNA virus that expresses 11 proteins.
The RNA of the virus is surrounded by lipid envelope, matrix protein 1 with integrated ion
channel matrix protein 2, and neuraminidase (NA) and hemagglutinin (HA) at the surface
(Figure 2a). HA and NA are the most relevant proteins for infection and propagation
of the virus [32]. The viral RNA is coated with nucleoprotein and attached to RNA-
dependent RNA polymerase. Further, the virus possesses nuclear export proteins. The
low fidelity proofreading capacities of RNA polymerase is the reason for mutations [33],
with cumulative changes in HA and NA leading to antigen drift (alteration of fitness for
human infection) and re-assorting of HA from avian reservoirs to antigen shifts resulting
in “new” viruses to which the population has no specific immunity. Avian species are the
reservoir for influenza A viruses, including 16 HA and 9 NA types known in humans, and
2 additional HA and 1 NA in bats.

The virus binds to sialic acid-containing surface proteins for uptake by endocytosis.
After the virion is endocytosed by the alveolar epithelial cell and reaches the lysosome,
activation of the proton selective matrix protein-2 (M2) viral channel leads to proton entry
and dissociation of the ribonucleoprotein complex [32] (Figure 2b). In the nucleus of
the host cell, mRNA and viral RNA is synthesized according to the viral RNA template.
Progeny viral ribonucleoprotein (RNP) cores are generated in the cytosol and, together
with the viral surface proteins HA and NA and other proteins, are concentrated in lipid
rafts at the plasma membrane. After budding, the virion is bound to the plasma membrane
by interaction of HA with sialic acid residues and released from the host cell upon action
of NA.

The other viruses causing ARDS are pandemic corona viruses. They circulate in
non-human species, mainly bats and rodents, and are classified as alpha- and betacorona
viruses. Seven viruses have been identified, four causing mild seasonal infections and
three (MERS-CoV, SARS-CoV and SARS-CoV-2) severe illness [33]. Coronaviruses are
positive-sense single-stranded RNA viruses and have the largest genome of any RNA virus.
Ribosomal frame shifting and generation of subgenomic RNA for easy recombination
confer the ability to develop novel host specificity. The positive sense RNA can serve as
mRNA and is directly translated by the host into viral proteins. The general composition of
corona viruses is shown in Figure 3a. Viral RNA is surrounded by a membrane containing
envelope, membrane, and spike proteins. The RNA /nucleoprotein complex is arranged as
one large ring.
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Figure 2. Morphology (a) and replication cycle (b) of influenza A virus. Replication includes the
following steps: (1) binding of the virus to sialic acid-containing surface receptors by viral hemagglu-
tinin (HA); (2) endocytotic uptake; (3) release of the RNA/ nucleoprotein complex; (4) transport of
the ribonucleoproteins into the nucleus; (5) replication of the RNA strand by viral RNA polymerase
into the complimentary + strand; (6) transcription of the RNA strand into mRNA by viral RNA
polymerase; (7) export of mRNA from the nucleus; (8) synthesis of viral RNA polymerase subunits
polymerase basic (PB) 1 and 2, matrix protein 1 (MP1), nucleoprotein (NP), and non-structural (NS)1
and 2 for reconstruction of the RNA /nucleoprotein complex; (9) synthesis of HA, neuraminidase
(NA), and matrix protein 2 (M2) at the host ribosome and endoplasmic reticulum;(10) transport of
PB1, PB2, M1, NP, NS1, NS2 into the nucleus; (11) formation of the nucleoprotein complex; (12) trans-
port of the nucleoprotein complex out of the nucleus by viral nuclear export protein; (13) integration
of HA, NA, and M2 into the budding plasma membrane, and (14) release of the virion by NA action.
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Figure 3. Morphology (a) and replication cycle (b) of corona virus. The replication cycle consists

of the following steps: (1) binding to cellular receptors; (2) cleavage of the virion from the receptor

either by transmembrane protease serine subtype 2 (TMPRSS2) at the membrane or by cathepsin L

in the endosome; (3) release of RNA and translation of viral RNA to ribosomal proteins by the host

ribosomes; (4) formation of the viral replicase-transcriptase complex; (5) generation of the - RNA

strand; (6) transcription of + RNA strand from the RNA template; (7) formation of the nucleocapsid;

(8) translation of viral proteins; (9) insertion of envelope, spike, and membrane proteins into the

ER-Golgi intermediate compartment (ERGIC) for virion assembly; (10) encapsulation of the virion

into Golgi vesicles; and (11) secretion of the virion.

Corona viruses bind to cellular receptors typical for each corona virus and are endo-
cytosed by the host (Figure 3b). Angiotensin-converting enzyme 2 (ACE2) and dendritic
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cell-specific ICAM-3 grabbing non-integrin (DC-SIGN /CD209) are the receptors for SARS-
CoV [34]. MERS-CoV binds to dipeptidyl peptidase 4 (DPP4/CD26). Receptors that were
reported to facilitate cellular uptake of SARS-CoV-2 include ACE2, C-lectin type receptors,
toll-like receptors (TLR), neuropilin 1 (NLP1), and non-immune receptor glucose-regulated
protein 78 (GRP89) [35]. The large number of receptors enables SARS-CoV-2 to infect a
broad spectrum of cells, namely alveolar epithelial cells, ciliated cells, olfactory epithe-
lial cells, intestinal cells, endothelial cells, and renal parenchymal cells. After release of
the virion from the receptor by the action of transmembrane protease serine subtype 2
(TMPRSS2) and cathepsin L in the endosome, proteins of the viral replicase-transcriptase
complex are synthesized by the host. This complex subsequently replicates viral RNA and
generates the mRNAs for production of structural and accessory (nucleoprotein, mem-
brane, envelope spike) proteins at the endoplasmic reticulum (ER), which are subsequently
integrated into the ER—Golgi intermediate compartment (ERGIC) for virion assembly. The
positive sense RNA is incorporated into the newly synthetized virion and the virions
are secreted.

Virus load was correlated to severity of ARDS for influenza A and SARS-CoV-2
infections [36,37]. SARS-CoV, MERS-CoV, influenza A virus HIN1 2009, and SARS-CoV-2
viruses induce the hyperinflammation by upregulation of cytokines. This effect, usually
termed “cytokine storm”, reflects the loss of homeostasis between pro-inflammatory and
anti-inflammatory reaction, and the cytokine pattern is virus-specific. Specific effects are
the induction of thick and copious mucus in the airways with potential impairment of
mucociliary clearance by SARS-CoV-2 [38] and the inhibition of ENaC fluid transport
delaying the resorption of pulmonary edema by influenza A viruses [28]. Prognosis of
virus-induced ARDS is also different. The fatality rate of SARS-CoV infections is 9.6%;
that of MERS-CoV, 34%; and that of SARS-CoV-2, 5.3% [39]. It was reported that MERS-
CoV infections progress more rapidly to ARDS and that DAD was more pronounced in
MERS-CoV and SARS-CoV pneumonia than in SARS-CoV-2. The comparison of morbidity
and mortality by seasonal influenza A 2018-2019 compared to SARS-CoV-2 showed that
the latter had a higher potential for respiratory pathogenicity, leading to more respiratory
complications and to higher mortality [40]. Further, age-dependency differs between the
viruses. The fatality of patients with SARS-CoV hospitalized in Hong Kong was 13.2% for
individuals <60 y and 43.9% for patients >60y [41]. Strong age-dependency of SARS-CoV
infections was also seen in another study with mortality rates of 1% (<25 y), 6% (25-44 y),
15% (45-64 y), and 50% (>65 y) [42]. In contrast, young age was a principal mortality risk
factor in the influenza A virus HIN1 2009 pandemic [43].

The higher vulnerability of older lungs can be explained by altered oxidative stress ma-
chinery, changes in innate immune system, and increased expression of pro-inflammatory
genes in older patients. Morphological and physiological alterations in older compared
to younger lungs include the higher fraction of senescent cells with increased advanced
glycation end-products (RAGE) expression; dysregulated neutrophil migration, decrease
of neutrophil extracellular traps (NET) formation higher myeloperoxidase (MPO), higher
macrophage migration inhibiting factor (MIF)-1o, TNF-«, IL-6, and IL-8 levels; compro-
mised endothelial barrier; and increased angiotensin 2 (Ang?2) and tissue-type plasmino-
gen activator (tPA) expression. Immune cell function differs in the way that alveolar
macrophages show increased expression of genes associated with lung injury and fibro-
sis and decreased phagocytic capacity. Chemotaxis, phagocytosis, microbial killing, and
NET formation are impaired in neutrophils of older individuals. Further, endothelial
permeability regulated by Ang?2 is higher in older lungs and NADPH oxidase 4 (ROS
production) upregulated [7]. Animal data showed higher CD80 and CD86 expression upon
lipopolysaccharide (LPS) challenge in older mice and increased MIF-1c levels, whereas
antigen presentation and bacterial and viral clearance were decreased. The fact that mortal-
ity by the influenza A virus HIN1 was lower in older people may suggest that a less active
immune function may potentially prevent hyperinflammation. The formation of fibrosis
occurred in about 10% of ARDS caused by influenza A virus HIN1 [44]. Thirty-three
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percent of MERS-CoV survivors developed lung fibrosis [45]. Two years after SARS-CoV-
induced ARDS, 52% of survivors showed indication for lung fibrosis [46]. More than 33%
of recovered coronavirus disease (COVID-19) patients showed fibrotic abnormalities on
hospital discharge [47] and, after 1 year, 25% of severely ill patients showed an indication
of pulmonary fibrosis according to another study [48].

The reason for the observed differences in ARDS is not entirely clear, and there are also
other open questions like for instance the role of macrophages in influenza A virus-induced
ARDS, because influenza A strains infect macrophages to different extents [29]. In addition,
the exact contribution of NETs to pathophysiology is unclear. NETs are fibrous structures
that contain neutrophil granular proteins coated on a backbone structure of DNA. High
neutrophil counts are predictors for poor outcome, which can be explained by the adverse
effects of elastase and MPO. NETs may further obstruct airways; induce inflammation;
and trigger immunothrombosis, deposition of fibrin, and, thereby, reduce oxygenation.
However, even though NET formation was higher in machine-ventilated patients, the
reduction of NETs did not shorten the time of ventilation. In a later phase, the neutrophils
appear to participate in the remodeling of the damaged tissue through release of matrix
metalloproteinase 9 (MMP-9) and activation of the Wnt/ 3-catenin pathway, and stimulate
proliferation of AT2 cells. Consistent with the reported positive effects of NETs, impaired
neutrophil function facilitated the progression of influenza A virus H3N2 pneumonia in
mouse models and depletion of neutrophils was linked to more severe illness. It was
concluded that neutrophils are involved in the first phase as inducers of epithelial damage
but also in the second phase to improve resolution of the disease and are, therefore, no
good target for treatment [49].

Hyperinflammatory phenotype has been associated with MODS and mortality, but
SARS-CoV-2-related ARDS was associated with lower prevalence of hyperinflammatory
syndrome and excess mortality was not linked to hyperinflammatory pathways [50]. There
is other uncertainty regarding the relevance of Ang2 levels. On the one hand, increased
ACE2 levels of older mechanically ventilated COVID-19 patients compared to older not
ventilated individuals suggest that the high ACE2 expression facilitates virus entry [51].
On the other hand, ACE2 levels severely decreased in pulmonary fibrosis, and recombinant
ACE?2 is considered as a treatment of ARDS and PAH. In influenza A virus HIN1, ACE2
was also downregulated and in avian flu (H5N1 and H7N9) increased Ang? levels were
correlated to worse prognosis [52]. The lack of clear causative relationships hinders the
identification of potential drugs for therapy of virus-induced ARDS.

2.2. Treatment Options for ARDS

Due to the complex pathology of ARDS, a broad panel of drugs with anti-inflammatory,
vasodilatatory, anti-thrombotic, and anti-oxidative action have been evaluated as potential
treatment options. Several drugs, such as salbutamol, neutrophil elastase inhibitors, non-
steroidal anti-inflammatory drugs (acetylsalicylic acid, ibuprofen), inhaled nitric oxide,
and transient receptor potential vanilloid 4 (TRPV4) inhibitors GSK1016790, did not show
convincing effects [53-55]. Immunomodulatory drugs elafin; alpha-1-antitrypsin; imatinib;
bevacizumab; anti-IFN-y; pirfenidone and tetracycline; agents on channel dysfunction
GSK634775, GW328267C, and CGS-21680; RAGE inhibitors; the plasma-free hemoglobulin
scavenger haptoglobulin; the anticoagulant antithrombin; and the pro-resolution agent
lipoxin A4 showed promising results in animal experiments and need confirmation in
clinical trials. More information on this topic is available elsewhere (e.g., [54,55]). Since
controversial results have been published, classifying patients into subgroups and patient
endotypes and identification of parameters linked to higher risk has been suggested for
a better assessment of the drugs. A useful parameter for classification may be disease
severity because in mild ARDS; mortality is 27%; in moderate, 35%; and in severe, 45%
of patients. The PaO; to FiO; ratio according to the Berlin definition of ARDS defines
the severity of the disease and correlates to the mortality rates. Another possibility could
be the underlying pathology. It was reported that sepsis-related ARDS had a higher



Biomedicines 2021, 9, 1732

10 of 19

mortality than non-sepsis-related ARDS and that trauma-associated ARDS was less severe
than non-trauma-associated. Patient endotypes also exist, and ARDS patients presenting
high pro-inflammatory markers, metabolic acidosis, and higher vasopressor requirements
profited from simvastatin treatment, while other patients with ARDS did not [56]. It
may be expected that ARDS caused by infection with SARS-CoV-2 represent a more
homogenous collective than hospitalized ARDS patients prior to December 2019 and that
the identification of appropriate treatment may be easier.

The SARS-CoV-2 pandemic caused a great need for efficient treatment of virus-induced
ARDS, leading to a prominent increase in the number of clinical trials. There were slightly
more than 1000 clinical trials posted in clinicaltrials.gov for the treatment of ARDS in
the 40 years (30 November 1979 and 30 November 2019) prior to the outbreak of the
COVID-19 pandemic compared to more than 550 studies in the last 22 months (1 De-
cember 2019 to 20 September 2021). Compounds in clinical trials, which were neither
terminated, completed, suspended, withdrawn, or have unknown status, are listed in Table
S1 (Supplementary Material).

Compounds that are evaluated in the current trials to decrease mortality and severity
of ARDS include anti-inflammatory therapies, either by corticosteroids (dexamethasone,
methylprednisolone) or by non-steroidal anti-inflammatory drugs (acetaminophen, ibupro-
fen). Other trials study antagonization of IL-6 (siltuximab, olokizumab), IL-6 receptor
(tocilizumab, sarilumab and levilimab-completed, no results) and JAK-signaling cascade
(ruxolitinib, baricitinib). Further targets are INF-y (emapalumab, trial terminated due to re-
cruitment issues), IL-1f3 and IL-1f3 receptor (anakinra, canakinumab), CCR-5 (cenicriviroc,
leronlimab) and tumor necrosis factor (TNF)-« (infliximab), and inhibition of complement
C3 (APL-9, AMI-101) or C5 (ravulizumab, Zilucoplan®) activation [57]. Although previous
clinical trials combating coagulation in ARDS did not produce convincing results [58], a de-
crease of coagulation in ARDS is the goal of ongoing trials studying heparin, antithrombin
111, defibrotide, and tPA. Other strategies focus on the decrease of hypertension by inhibi-
tion of Ang2 with statins or administration of non-hypertensive Angiotensin 1-7 [A(1-7)] or
vasodilation. In a small study, statin treatment of ARDS patients seemed to improve health
in terms of organ failure and also by lowering the need for ventilation [59]. Vasodilation
using inhaled nitric oxide improved arterial oxygenation with no effect on survival rate and
morbidity of critical patients [60]. It is, however, possible that vasoactive intestinal peptide,
ambrisentan, iloprost, and BAY1211163 or BAY1097761, which are evaluated in ongoing
clinical trials, will show better effects. Agents with anti-oxidant effects have found to be
beneficial in a variety of diseases but most of the antioxidant therapies (N-acetylcysteine,
selenium, vitamin C, oxothiazolidine-4-carboxylic acid, lactoferrin, and lisofylline) could
not improve the all-cause mortality and might have even been harmful in ARDS patients at
low risk of death [61]. Mesenchymal stem cells (MSC) display a variety of positive effects,
ranging from a decrease of inflammation and stimulation of regeneration to inhibition of
fibrosis [62]. Expectations are high that they will improve acute and long-term effects of
ARDS. Clinical trials assess the effects of both entire cells and MSC-derived exosomes. The
use of anti-viral therapies (remdesivir, hydroxychloroquine, ganciclovir, and maraviroc)
raised great hopes [63], but small trials with lopinavir/ritonavir, favipiravir, and umifenovir
did not produce beneficial effects [55]. Other agents under evaluation include vadadustat,
VERU-111, dornase alpha, sagramostim, tazemetostat, small polyanions, etc. [55]. Lungs
of patients recovering from ARDS often do not recover completely. Since fibrotic changes
and tissue alterations similar to PAH are seen in these patients, therapies preventing tissue
remodeling may be beneficial. It may be suggested that drugs used for the treatment of
PAH, such as ET-1 receptor antagonists, phosphodiesterase 5 inhibitors, guanylate cyclase
stimulators, and prostaglandin analogues, may act as beneficial in ARDS [64].

The insufficient treatment options for ARDS may indicate that contribution of potential
additional factors is not recognized. Fluid clearance by lymphatic vessels was more reduced
in influenza A virus H5N1 than in influenza A virus HIN1 infections, which may explain
the higher mortality of H5N1 of 53-60% compared to HIN1 with 1-4%. Damage of



Biomedicines 2021, 9, 1732

11 of 19

lymphatic vessels by infection with SARS-CoV-2 is likely because the endothelia express
the ACE2 receptor [65]. In addition, the glycocalyx of lymphatic endothelia is similar
to endothelia of blood vessels and may allow attachment of the virus [66]. Since the
lymphatics also have a role in the immune system, the authors of that study hypothesized
that the phenomenon of the cytokine storm may be caused by disorder of lymphatic flow.

2.3. Pulmonary Lymphatic System

The lungs need a well-developed lymphatic system for protection against the high
exposure to particles and toxicants from the environment. The vessel network starts
with small lymphatic capillaries (also called initial or terminal lymphatics) that gradually
combine to form larger diameter vessels, namely the pre-collectors and collectors. The
collectors pass into the cortex of the local lymph nodes. After passage of the lymph nodes,
trunks (bronchomediastinal trunk for the lungs) and finally the thoracic duct on the left
side and the right lymphatic duct are formed [67].

2.3.1. Architecture of the Pulmonary Lymphatic System

Pulmonary lymphatics extend deep into the pulmonary lobules in association with
bronchioles and intralobular arterioles or arise in the pleura and accompany the interlobular
veins [68] (Figure 4).
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Figure 4. Organization of pulmonary lymphatics. Interlobular lymphatics (L) start at the pleura and
follow the veins (V) in the interlobular septa. Lymphatic vessels are also found in bronchovascular
bundles that contain bronchus (B) and artery (A) in the perivascular space of arteries of intralobular
septa and independent from vessels in interalveolar septa.

The intralobular lymphatic vessels are further subdivided into bronchovascular,
perivascular, peribronchiolar, and interalveolar vessels. Most of the intralobular lym-
phatics are in close contact with blood vessels; a minority is associated with bronchioles



Biomedicines 2021, 9, 1732

12 of 19

(~7%) and occasionally (<1%) small lymphatics are present in interalveolar septa without
obvious association to blood vessels or bronchioles [69]. Staining with D2-40 as a marker
for lymph vessels revealed that in human lungs 53% of blood vessels with <50 pm diameter
were associated with lymphatic capillaries [70]. The association with arteries appears
physiologically relevant because both endothelial and smooth muscle cells express vascular
endothelial growth factor (VEGF)-C, which acts as growth factor for lymphatic vessels [71].
The coverage with lymphatic vessels in the interalveolar space is sparse and only 3.6-19%
of the alveoli are associated to lymphatic structures [72]. This low coverage suggests that
these vessels do not play a prominent role in the resorption of pulmonary edema. The small
perivascular lymphatics and the few peribronchiolar lymphatics are probably the most
important for resorption. They form two systems with opposing fluid direction; lymph
from the lung periphery is transported to the pleura, while lymph from other lung regions
is transported to the hilum [73]. Lymphatic flow can increase 3-10 times in the setting
of hydrostatic pulmonary edema [74]. Hydrostatic pressure defines the force that drives
the fluid out of blood vessels, while oncotic pressure is related to macromolecules in the
blood and helps to retain fluid in the blood vessels. Finally, also membrane permeability,
representing the ease to which fluid passes the vessel wall, defines the extent of pulmonary
edema. Lymph flow is influenced by breathing, depth of ventilation, tissue hydrostatic
pressure, intrinsic pumping of collecting lymphatics, and systemic venous pressure in
the extremities. In the lungs, drainage primarily relies on respiration-associated pressure
changes rather than vessel contraction.

2.3.2. Morphology of Lymphatic Vessels

The fine structure of lymph capillaries was studied in detail in murine lungs. Epithelia
have an oak leaf-shape, which allows interdigitation and loose discontinuous junctions.
The alternating membrane flaps are linked at their sides by discrete assemblages (3 pm
wide and 3 pm spaced) [75]. The assembly complexes, buttons, and zippers contain the
adhesion proteins: vascular epithelial (VE)-cadherin, 3-catenin, and p120 catenin, and
the tight junction proteins: ZO-1, occludin, endothelial cell-selective adhesion molecule
(ESAM), and junction adhesion molecule (JAM)-A. At their tips, the flaps are free and
generate openings of 0.5-1 um, which are decorated with platelet endothelial cell adhe-
sion molecule-1 (PECAM-1, CD31) and lymphatic vessel endothelial hyaluron receptor 1
(LYVE-1) (Figure 5a). There is no continuous basement membrane and the flap-like struc-
tures connect directly to the surrounding structures (organs or tissues), via thin, elastic
fibers (Figure 5b). The attachment ensures patency of the vessels that are prone to collapse
because they lack continuous basement membrane, smooth muscle cells, and pericytes [76].
The capillaries are highly permeable for macromolecules, including antigens like viruses
and bacteria and immune cells. Diffusion of macromolecules is passive, and uptake of
HYA is done via binding to LYVE-1 [76]. Lymphatics are involved in cell trafficking, which
represents more intra- than extravasation. Lymph fluid may contain erythrocytes, mono-
cytes, and dendritic cells, which leaked from the blood vessels into the interstitial spaces.
Compared to blood vessels, lymphatic vessels, due to the lack of a continuous basement
membrane and the absent/low cell coverage, expose leukocytes to little shear stress [75].
Dendritic cells have to enter actively because they are larger (10-15 um) than lymphocytes
(710 pm). The unique architecture of the lymphatic vessels is the compromise between
high permeability for fluid and macromolecules, and more restriction for leukocyte en-
try. Extravasation from blood vessels and intravasation into lymph vessels is increased
upon inflammation. At the extremities, pre-collecting lymphatics have one-way valves at
more irregular intervals and sparse smooth muscles in their walls. The larger collecting
lymphatics possess valves at regular intervals to prevent retrograde backflow and smooth
muscles, and are capable to perform contractions. By contrast, pulmonary pre-collecting
and collecting lymphatics have valves but lack smooth muscle cells [66].
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Figure 5. Intercellular junctions of lymphatic capillaries and collecting lymphatics (a), and scheme of
lymphatic capillaries (b). (a): Mixed junctions consist of adherent junctions with vascular endothelial
(VE) cadherin; 3-catenin and p120 catenin; and tight junctions containing claudin 5, occludin, ZO-1,
junction adhesion molecule A (JAM-A), and endothelial cell-selective adhesion molecule (ESAM).
Membranes between the buttons possess platelet endothelial cell adhesion molecule-1 (PECAM-1)
and lymphatic vessel endothelial hyaluron receptor 1 (LYVE-1). (b): Lymph capillaries possess an
endothelial layer, discontinuous basal membrane, elastic fibers, and anchoring filaments to fix them
in the interstitium. Dendritic cells (blue cell) actively migrate into the vessels, while macromolecules
can enter the vessel by diffusion. Abbreviation: BM, basal membrane; EC, endothelial cell; HYA,
hyaluronan.

2.4. Lymphatic Vessels in Pulmonary Diseases
2.4.1. Role in Acute Lung Injury/Pulmonary Edema

A functional pulmonary lymphatic system is important for lung development and for
expansion of the lungs after birth [72]. Also, later in life, lymphatic function is essential
for lung health, which can be easily seen in lung transplants, where the lymphatic vessels
were severed and pulmonary edema developed fast [76]. Resorption of pulmonary edema
plays a critical role for the outcome of ARDS.
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Fluid from the alveolar lumen is transported by ENaC and Na/K-ATPase of the
alveolar epithelium from the alveolar lumen to the interstitium. This has to be followed
by removal of the fluid from the interstitium. Improved fluid clearance and survival in
LPS-induced acute lung damage of rats was linked to increased expression and activity of
sodium channel, Na/K-ATPase and LYVE-1, suggesting increased lymphangiogenesis [77].
Fluid in the interstitial spaces contains water bound to HYA and proteins as the main
components. HYA is a linear, non-sulfated (3-1,4-linked polymer of a repeated disaccharide
of (1-3)- and (1-4)-linked p-D-glucuronic acid and N-acetyl 3-D-glucosamine monomer
with a molecular weight of 10° to 107 Da. The molecule is stabilized by hydrogen bonds,
which gives it a double helical configuration and enables the binding of 1000-fold its
own size of water [78]. The concentration of HYA in the lymphatics is 0.2-50 mg/L
and 10-100 times higher than in plasma [79]. HYA displays tissue-specific effects, either
on physiological functions (lubrication, hydration balance, matrix structure, and steric
interactions) or on cellular interactions (cell differentiation, proliferation, development, and
recognition) in tissues with high HYA levels [80]. In organs with low HYA levels, like the
lungs, increased HYA levels may have negative effects. At homeostasis, HYA production
through three HYA synthases (HAS1-3) is balanced by cellular uptake and degradation via
three hyaluronidases (Hyall-3).

Intrapulmonary HYA levels were reported to be linked to a variety of human respi-
ratory diseases, e.g., chronic obstructive pulmonary disease (COPD), asthma, idiopathic
pulmonary fibrosis (IPF), idiopathic PAH, sarcoidosis, etc. [81]. HYA content was increased
in ARDS to 8080% of the normal amount [82], and HYA exudates in the alveolar spaces
have been detected in ARDS caused by SARS-CoV-2 [83]. In contrast to healthy lungs, not
only the total amount but also the molecular weight and structure of HYA were altered in
damaged lungs. It was reported that upon pulmonary damage HYA was degraded to frag-
ments of 70-500 kDa and the low molecular weight HYA propagated the inflammation [84].
This fragmentation may be induced by release of reactive oxygen species from neutrophils
or by action of Hyall and Hyal2 enzymes from dying cells. Further, HYA was covalently
modified by heavy chains from inter-alpha inhibitor by tumor-necrosis-factor-stimulated-
gene-6 (TSG-6) [81]. This modification facilitated the binding of leukocytes and promoted
inflammation. It has also been proposed that modification by inter-alpha inhibitor may
protect HYA from degradation [85].

After the healing of acute pulmonary lesions, HYA levels in BAL, sputum, and tissue
decreased. It is possible that HYA may serve as a biomarker for lung damage or as a
treatment target. Antenatal administration of betamethasone decreased lung HYA concen-
tration and normalized lung function in preterm rabbit pups [86]. To obtain further insight
into this pathogenic mechanism, the relation of O-N-acetylglucosamine glycosylation, low
and high molecular weight HYA and HAS2 protein levels in ARDS will be studied in a
study starting in October 2021 (NCT05055557).

2.4.2. Role in Chronic Pulmonary Diseases

If HYA is not removed, chronic inflammation and collagen deposition lead to fibrosis
and tissue remodeling [84]. In addition to HYA levels, changes in the density of lymphatics
have been reported. Diminished lymphangiogenesis has been reported in asthma, whereas
severe chronic COPD and IPF are characterized by increased lymphangiogenesis. A role of
lymphatics in pulmonary fibrosis was identified in animal models and the pan-tyrosine
kinase inhibitor Nintedanib, which is approved for the treatment of IPF, stimulated angio-
genesis, and lymphangiogenesis. The density of lymphatic vessels increased in parallel to
the fibrotic changes in IPF, suggesting fibrosis-promoting rather than rescuing effects of
lymphangiogenesis in lung injury [87]. Other data suggest beneficial effects of lymphoan-
giogenesis in damaged lungs. In patients with lung fibrosis and organizing pneumonia,
severe lymphatic vessel damage was seen. In pneumonia without resulting fibrosis, ac-
tive lymphangiogenesis occurred in the alveolar lesions [88]. VEGF-C, which promotes
lymphangiogenesis in the skin, was decreased in bronchoalveolar lavage fluid (BALF) of
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IPF patients compared to healthy volunteers, and lung fibrosis in the bleomycin-induced
mouse model was reduced when lymphangiogenesis was induced by overexpression of
VEGF-C [89]. Expansion of the lymphatic network reduced pulmonary macrophage accu-
mulation and increased fluid clearance. It has been hypothesized that the role of lymphatic
vessels is linked to the extent of tissue remodeling and the stage of fibrosis. The increased
pulmonary lymphangiogenesis in severe COPD was seen in alveolar parenchyma and
around bronchioles [90]. These are regions, where in the healthy condition only a few lym-
phatic vessels can be found, and it is possible that lymphangiogenesis should compensate
insufficient functionality of existing lymphatic vessels. It is, on the other hand, not clear, if
the newly formed vessels are functional. Coverage of the vessel wall with cells and excess
basement membrane material accumulation may lead to insufficient function of lymphatic
vessels in lung diseases because uptake of macromolecules and cells is hindered [91]. Such
morphological alterations have been detected in bleomycin-induced pulmonary fibrosis
of mice, and these changes promoted the accumulation of protein and fibroblasts in the
perilymphatic space. The density of lymphatic vessels in lung fibrosis was higher than that
of controls, and density in fibrotic areas was higher than in regions of tissue remodeling.
This supports an earlier study that concluded that lymphatic vessels contribute to fibrosis
maturation and scar formation through the drainage of excessive proteins and fluid during
fibrosis [91]. According to this theory, the link of increased lymphatic vessels density in
fibrotic areas is not due to a causative role of the lymphatic vessels in lung fibrosis but
represents a mechanism to decrease fibrosis.

The contribution of lymphatic vessels in the pathology of ARDS most likely will not
result in new pharmacological treatment options because lymphedema of the extremities is
mainly treated with manual decompression. Surgical interventions may be beneficial in
specific cases. Pharmacological therapy comprises agents that modulate tissue inflamma-
tion, fibrosis, and lymphangiogenesis [92]. Utilization of lymphangiogenic growth factors,
such as VEGF-C, could be efficient if this growth factor had positive effects not only on the
number but also on the function of lymphatic vessels. However, this has not been clearly
demonstrated. Ketoprofen and selenium were effective for the treatment of secondary
lymphoma of the extremities. Ketoprofen acted through an increase of TNF-o expression
with a subsequent increase in VEGF-C. The mode of action of selenium is assumed to be
mediated by immunomodulation. Available evidence suggests that various herbs are use-
ful in alleviating lymphedema, but conclusive data showing superiority in the benefit/risk
ratio of these products are missing [93].

3. Conclusions

The pathology of ARDS is still not completely understood, and additional factors like
dysfunction of lymphatic vessels may contribute to the variable outcome of the syndrome
and long-term sequelae of ARDS. The mechanism and pathogenic role of HYA in ARDS
will be studied in an upcoming trial (NCT05055557), which potentially will result in
new treatment modalities. Options to improve the function of pulmonary lymphatics
by pharmacological treatment are limited because lymphedema is not very responsive
to drugs. Compounds with beneficial action in secondary lymphedema, selenium, or
ketoprofen may be suggested as supportive treatment in ARDS, as well as stimulation of
lymphangiogenesis by administration of VEDGF-C to prevent fibrosis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biomedicines9111732/s1, Table S1: Published not yet completed clinical trials on ARDS.
Funding: This research received no external funding.
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