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Abstract: Acute lung injury (ALI), diagnosed clinically as acute respiratory distress syndrome (ARDS),
refers to a spectrum of acute inflammatory processes culminating in increased permeability of the
pulmonary alveolar—capillary barrier and impaired gas exchange. The pandemic caused by the novel
coronavirus, SARS-CoV-2, has raised questions as to the similarities and differences between COVID-
19 lung injury and ALI of other etiologies. This review summarizes current knowledge regarding
the pathophysiology of ALI and COVID-19 lung injury and draws comparisons between the latter
and other infectious etiologies of ALI Indeed, severe COVID-19 is characterized by a unique array
of disease mechanisms including suppression of interferon responses, widespread inflammasome
activation, altered leukocyte phenotypes, and hyperactive thrombotic activity. Moreover, these
mechanisms manifest as a unique clinical progression, which further differentiates COVID-19 from
other viral respiratory pathogens such as SARS, MERS, and influenza. These unique features of
COVID-19 pathophysiology bear important implications for current and future therapeutic strategies.

Keywords: COVID-19; acute lung injury; ALL acute respiratory distress syndrome; ARDS

1. Introduction

Acute lung injury (ALI) refers to a spectrum of acute inflammatory processes culmi-
nating in increased permeability of the pulmonary alveolar—capillary barrier and impaired
gas exchange. Clinically, ALI is diagnosed as acute respiratory distress syndrome (ARDS),
a life-threatening condition characterized by acute non-cardiogenic pulmonary edema
and respiratory insufficiency [1]. The currently accepted Berlin definition classifies ARDS
as mild, moderate, or severe based on the degree of hypoxemia measured at a defined
positive end-expiratory pressure (Table 1) [2]. Despite significant advancements in ARDS
management, mortality has remained unacceptably high and ranges from 34.9% to 46.1%
depending on severity [3].

ARDS etiology is varied and complex. While pneumonia and non-pulmonary sep-
sis are the most common causes, ARDS may arise from numerous other inciting factors
originating within the lungs (i.e., direct lung injury) or elsewhere in the body (i.e., indirect
lung injury) [4]. These include fungal pneumonias, aspiration of gastric contents, wa-
ter inhalation, pulmonary contusion, pulmonary embolism, trauma, hemorrhagic shock,
transfusion-associated lung injury, and pancreatitis [5]. Ventilator-induced lung injury
(VILI) is also a significant contributor to lung injury but is often secondary to an inciting
cause of ARDS [6]. Additionally, it is estimated that up to 21% of ARDS patients have
mixed etiologies of lung injury [7].
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Table 1. The Berlin definition of acute respiratory distress syndrome.

Timing
Degree of Hypoxemia
PEEP Requirement
Edema

Chest Imaging

Mild Moderate Severe
Within 1 week of a known clinical indult, or new/worsening respiratory symptoms
200 mmHg < PaO, /FiO, < 100 mmHg < PaO, /FiO, < .
<
300 mmHg 200 mmHg 100 mm#Hg < PaO, /FiO;
PEEP or CPAP > 5 cm H,O PEEP > 5 cm Hy,O PEEP > 5 cm Hy,O

Respiratory failure not fully explained by cardiac failure or fluid overload. Require objective assessment

to exclude hydrostatic edema if no risk factors present
Bilateral opacities, not fully explained by pleural effusions, lobar/lung collapse, or nodules

The COVID-19 pandemic introduced in 2020 a novel etiology and massive increase
in ARDS morbidity and mortality. In the first year, COVID-19 was associated with an
unprecedented five-fold rise in ARDS-related deaths in the United States alone (this figure
may be underestimated, as suggested by autopsy studies) [8]. At the time of writing this
manuscript, there have been over 775 million confirmed cases of COVID-19 and over
7 million deaths [9]. Considering the high prevalence of ARDS in COVID-19 decedents,
questions have been raised as to whether COVID-19 lung injury differs from other eti-
ologies of ALI [10]. Indeed, COVID-19 lung injury involves distinct pathophysiological
mechanisms that require a comprehensive comparison with other forms of lung injury.
Mechanistic understanding of the differences and/or similarities defining COVID-19 lung
injury is therefore indispensable for developing novel therapeutics and providing optimal
care to patients. Although traditional causes of ALI, such as pneumonia and non-pulmonary
sepsis, are well understood, COVID-19 lung injury introduces distinct pathophysiological
features that necessitate a detailed comparison with other forms of lung injury. Conse-
quently, this review aims to describe generalized pathophysiology of ALI, summarize
current knowledge regarding the pathogenesis of COVID-19 lung injury, and compare
COVID-19 lung injury to specific etiologies of ALI including pneumonia and sepsis.

2. Pathophysiology of Acute Lung Injury

ALI can be characterized by numerous pathophysiological processes involving dis-
ruption of the alveoli [11]. To address the pathophysiology of ALl this section describes
the alveolar—capillary microenvironment, etiology and epidemiology, mechanisms of ep-
ithelial and endothelial injury and repair, and how these mechanisms impact respiratory
physiology in the short and long term.

2.1. Cellular and Molecular Mechanisms of Lung Injury

The alveoli, otherwise known as the lung’s functional respiratory unit, is critically
involved in ALI (Figure 1). The alveoli are thin-walled air sacs approximately 200 pum in
diameter composed of ultra-thin alveolar type 1 epithelial cells and surfactant-producing
alveolar type 2 epithelial cells [12]. To facilitate gas exchange, the alveoli are surrounded by
dense networks of pulmonary capillaries lined with pulmonary microvascular endothelial
cells. Under normal physiological circumstances, epithelial and endothelial cells form tight
barriers that actively restrict and modulate fluid flux to mitigate formation of edema [13].
This function is complemented by resident immune cells, including alveolar macrophages
which employ phagocytic and anti-microbial functions to maintain a clear epithelial surface
for gas exchange. During ALI, however, epithelial and/or endothelial insults activate
host inflammatory responses leading to a breakdown of the barrier function, formation of
alveolar edema, and impairment of gas exchange [11].
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Figure 1. Alveolar changes during ALIL. Under normal conditions (left), gas exchange is facilitated
by a thin epithelial-endothelial barrier which is maintained by the collective functions of alveolar
epithelial cells (pneumocytes), endothelial cells, and alveolar macrophages. During ALI (right),
damage to the epithelial-endothelial barrier sets in motion a cascade of inflammatory processes that
exacerbate tissue damage, accelerate edema formation, and critically impair gas exchange. Figure
created with BioRender.com.

Primary damage to the alveolar—capillary barrier can occur from a wide variety of
factors. For example, during pneumonia, the epithelium is initially damaged directly
by pathogens through, e.g., bacterial pore-forming toxins or lytic viral replication [14,15].
Direct damage can also occur from hypercapnia or hyperoxia, which can impair the alveolar
epithelium by inducing mitochondrial dysfunction and free radical formation. Moreover,
mechanical stretch induced by positive-pressure ventilation can disrupt epithelial tight
junctions and cause cellular detachment from the basement membrane. In parallel, the
endothelium may be damaged initially by similar factors including pathogens, ventilator-
induced mechanical stretch, and circulating inflammatory mediators [4]. Collectively,
these and other insults directly impair the alveolar—capillary barrier function and initiate a
cascade of inflammatory events, which favors the development of ALL

Primary damage to the alveolar—capillary barrier, if significant, is followed by a wave
of immune activation [11]. This is initiated by pattern recognition receptors (PRRs), which
are activated by pathogen-associated molecular patterns (PAMPs, e.g., bacterial lipopolysac-
charide) and damage-associated molecular patterns (DAMPs, e.g., extracellular DNA). Var-
ious PRRs are involved in ALIL including toll-like receptors (TLRs), retinoic acid-inducible
gene-I-like receptors (RLRs), nucleotide-binding oligomerization domain-like receptors
(NLRs), and C-type lectin receptors (CLRs), among others. Upon activation, PRRs initi-
ate signaling cascades which drive release of pro-inflammatory mediators, production of
anti-microbial agents, and induction of cell death pathways [1,16]. For example, numerous
inputs stimulate NLRP3 inflammasome formation, which activates caspase-1, leading to
cleavage of the cytokines interleukin (IL)-13 and IL-18 into their active forms [17]. Through
binding IL-1R, IL-1 activates transcription of IL-6, IL-8, tumor necrosis factor (TNF), type 1
interferon (IFN-I), and other cytokines and chemokines. Caspase-1 also cleaves gasdermin
D (GDSMD), leading to formation of plasma membrane pores and eventual pyroptosis.
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Pyroptosis inherently causes release of DAMPs and other pro-inflammatory mediators,
which further propagates the immune response [16]. These mechanisms signal through
paracrine and autocrine mechanisms to augment the host immune response.

Elevated concentrations of pro-inflammatory mediators in the pulmonary milieu
facilitates the recruitment of circulating leukocytes to participate in host defense. This
process is initiated in pulmonary microvascular endothelial cells, wherein inflammatory
cytokines induce destabilization of intercellular junctions, shedding of the endothelial
glycocalyx, secretion of chemokines, and expression of leukocyte adhesion molecules such
as intercellular adhesion molecule (ICAM)-1, vascular cell adhesion molecule (VCAM)-
1, and dipeptidase 1 [18,19]. These changes facilitate the adhesion and diapedesis of
circulating leukocytes such as neutrophils and monocytes, which migrate into the tissue
along established C-X-C motif and/or C-C motif chemokine gradients [20]. The recruited
leukocytes then employ a suite of antimicrobial tactics including phagocytosis, formation
of extracellular traps (e.g., neutrophil extracellular traps, NETs), and secretion of proteases
and reactive oxygen species (ROS) to attempt to neutralize the threat. While these functions
may be beneficial or essential for host defense, they also consequently inflict significant
damage to host tissues [21]. As tissue damage increases, pre-existing alveolar—capillary
barrier dysfunction is exacerbated in an accelerating manner.

Breakdown of the alveolar—capillary barrier increases vascular permeability, leading
to leakage of fluid and proteins into the alveolar space (i.e., edema). Alveolar edema is
further exacerbated by damage to epithelial and endothelial cells which impair homeostatic
alveolar and interstitial fluid clearance mechanisms [13,22]. Moreover, edema impairs the
surfactant function, leading to increased surface tension and risk of atelectasis (alveolar
collapse) [23]. In addition to impaired alveolar ventilation, ALI is often associated with
impairment in pulmonary capillary perfusion due to coagulation and subsequent formation
of physiologic dead space. In this process, activated endothelial cells initiate the extrinsic
coagulation cascade via upregulation of tissue factor, leading to activation of thrombin and
formation of fibrin clots [4]. Exposure of subendothelial collagen also leads to integrin-
and glycoprotein receptor-mediated platelet binding [24]. Importantly, many coagulative
mechanisms interact with the other pathomechanisms of ALIL For example, binding of
thrombin to protease-activated receptor-1 (PAR;) drives actomyosin shifts and increases
in paracellular permeability. Moreover, neutrophils play a synergistic role in fibrin clot
formation and stability through NETosis [19]. Thus, coagulation, while protective under
normal conditions, can become an important contributor to the pathology of ALI [24].

2.2. Clinical Pathophysiology and Findings

Hypoxemia in ARDS fundamentally results from inadequate gas exchange between
ventilated lung regions and perfused lung regions, and vice versa. A major driver of this
failure is ventilation—perfusion (V/Q) mismatch, which occurs secondary to insufficient air
or blood flow to a given lung region [1]. Insufficient ventilation results from alveolar edema
or atelectasis, reducing the fraction of alveoli available to participate in gas exchange. These
non-ventilated regions cause intrapulmonary shunts as unoxygenated blood bypasses
the lungs and enters systemic circulation, contributing to an elevated V/Q ratio in that
region [11]. Conversely, capillary microthrombi and pulmonary emboli reduce the fraction
of perfused capillaries [4]. Since local alveoli are ventilated but unable to participate in gas
exchange, increased pulmonary dead space decreases the V/Q ratio in the region. Overall,
the presence of multiple regions of V/Q mismatch increases hypoxemia and hypercapnia
resulting in respiratory acidosis and critically reducing the ability of supplemental oxygen
to restore normal PaO; levels. Additionally, loss of compliance in edematous lung regions
decreases total lung compliance and increases work of breathing (under non-invasive
ventilation support) and regional overdistension (under mechanical ventilation), which can
contribute to VILIL. Consistent with this, increased pulmonary dead space and decreased
compliance are predictive of mortality in ARDS [25].
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Diffuse alveolar damage (DAD) is the prototypical histological finding associated
with ALI [26]. The acute (exudative) phase of DAD is characterized by edema, formation
of hyaline membranes, and infiltration of immune cells, and may last approximately
7 days. Following this, an organizing (proliferative) phase occurs which may last weeks
to months in survivors [11]. Proliferation of alveolar type 2 epithelial cells is the defining
feature of this phase. Importantly, while these two phases are sequential, they may display
regional heterogeneity, with different tissue areas undergoing acute and organizing phases
simultaneously as ALI progresses [11,26]. Furthermore, heterogeneity exists among ARDS
patients. It has been reported that approximately half or less of autopsy and biopsy
specimens from patients with ARDS fulfill criteria for DAD, while most others display
histologic patterns of alveolar inflammation consistent with acute pneumonia [27,28]. The
presence of DAD, however, was associated with higher mortality attributable to refractory
hypoxemia [28].

Biomarker analyses of bronchoalveolar lavage fluid (BALF) and plasma in ARDS
patients has provided insight into the mechanisms contributing to lung injury. Elevated
plasma levels of surfactant protein D and RAGE are consistent with disruption and cell
death, respectively, within the alveolar epithelial barrier [29,30]. Similarly, endothelial
activation and coagulation are supported by plasma elevations in angiopoietin 2 and vVWF
and decreases in Protein C [31]. Most notably, elevated levels of the cytokines IL-1f3, IL-6,
IL-8, and TNF in plasma and BALF correlate with poorer outcomes, demonstrating the
role of dysregulated inflammation in ARDS [32-35]. Cytokine analysis has played an
important role in determining the role of low tidal volume lung-protective ventilation
strategies in decreasing VILI-induced inflammation and improving outcomes [36]. The
failure of any one pharmacotherapy to broadly improve outcomes in all ARDS patients has
necessitated identification of subphenotypes that might respond differently to treatment.
The most promising of these proposes a hyperinflammatory subphenotype, characterized
by high levels of pro-inflammatory mediators and comprising approximately one-third of
patients, and a hypoinflammatory subphenotype, with lower levels of pro-inflammatory
mediators and comprising approximately two-thirds of patients. Consistent with this classi-
fication, analyses of multiple clinical trials have demonstrated that the two subphenotypes
respond differently to fluid management, ventilation strategies, and anti-inflammatory
treatment [34]. These findings are promising, although further research is warranted to es-
tablish mechanisms behind the different phenotypes and whether further subcategorization
could be of therapeutic benefit.

It is imperative to consider that impairment and tissue injury associated with ARDS
is not isolated to the respiratory system. While delineating directional causality between
ALI and extrapulmonary organ dysfunction is challenging in critically ill patients with
varying etiologies and comorbidities, the spectrum of pathophysiology in ARDS clearly
bears harmful systemic effects. Most notably, patients with ARDS are at high risk of septic
shock and multi-organ dysfunction [3]. This risk involves numerous factors including
tissue hypoxia, translocation of respiratory pathogens, increased pro-inflammatory and pro-
coagulative mediators, increased susceptibility to secondary infections, and perturbations
in lung and gut microbiomes [37-40]. Undoubtedly, therapeutic strategies for ARDS will
benefit from a greater understanding of protective and pathological crosstalk between
organ systems involved in ALIL

Survivors of ARDS experience long-term sequelae characterized by deficits in quality
of life related to physical and mental health [41]. Surprisingly, many survivors recover
near-normal lung function by one-year post-discharge, a finding which is consistent with
low percentages (<10%) of abnormal lung parenchyma upon radiological examination at
this stage [42]. Nonetheless, survivors demonstrate reduced exercise capacity related to
muscle wasting, weakness, and physical disabilities at both 1- and 5-year follow-up [41].
Furthermore, neuropsychological impairment is prevalent among ARDS survivors, with
high incidence of post-traumatic stress disorder (28% at 5 years), depression (58% at 2 years),
and executive dysfunction (55% at 1 year) [43-45]. Mechanistically, these impairments may
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be driven by a number of factors related to critical illness, including hypoxemia, mechanical
ventilation, profound deconditioning, and polypharmacy [41].

3. Pathogenesis of COVID-19-Induced Lung Injury

The mechanisms by which COVID-19 causes pulmonary and systemic disease have
been an area of immense research in recent years. These efforts have contributed to both
our understanding of COVID-19 and more broadly to our understanding of ALIL This
section aims to summarize current knowledge regarding the pathogenesis of COVID-19
lung injury by focusing on key virus-mediated and host-mediated disruptions in immune
activation, microvascular function, and respiratory physiology that drive progression to
severe disease and death (summarized in Figure 2).
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Figure 2. COVID-19 pathophysiology: a simplified representation. Upon gaining entry to host cells,
SARS-CoV-2 (upper left) employs multiple strategies to suppress host antiviral responses, facilitating
spread and infection of the lower respiratory tract. During severe infection, the host immune system
(upper right) exhibits a deleterious hyperinflammatory innate phenotype combined with profound
loss of function in cytotoxic/adaptive domains. Simultaneously, pulmonary and systemic microcircu-
lation (bottom left) is impaired by dysregulated coagulation and aberrant endothelial inflammation.
These pathological mechanisms contribute to a biphasic clinical progression characterized by early
hypoxemia, which is exacerbated by accelerating alveolar edema. Figure created with BioRender.com.

3.1. Clinical Presentation and Epidemiology

Symptoms of COVID-19 infection range from asymptomatic to mild and moderate
symptoms including cough and fever persisting for up to 14 days. However, some patients
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develop severe disease characterized by lower respiratory tract infection and hypoxemia
with associated lung pathology [46]. Patients in this stage can rapidly progress to critical
condition including ARDS, septic shock, and multiple organ dysfunction [46]. While less
common, COVID-19 can cause diverse extrapulmonary manifestations including anosmia,
ageusia, gastrointestinal symptoms, myocardial dysfunction, and acute hepatic or kidney
injury [47].

The epidemiology of COVID-19 lung injury is complex due to the dynamic nature
of the pandemic. A retrospective cohort study of 201 patients with confirmed COVID-19
pneumonia in Wuhan, China, early in the pandemic found that 41.8% developed ARDS
and 52.4% of those diagnosed with ARDS died [48]. More recent evidence suggests similar
or lower mortality rates compared to non-COVID-19 ARDS, scaling with severity from
24% to 39%, which may reflect evolving care practices and the impact of vaccination [49].
Older age is a significant risk factor for severe disease and mortality, as are the presence
of underlying comorbidities including hypertension, diabetes, cancer, and chronic kidney,
heart, and/or lung disease [50]. Male individuals may also be at increased risk of severe
disease and mortality [51].

3.2. Viral Structure, Tropism, Replication, and Evasion

SARS-CoV-2is classified under the genus Betacoronavirus and exhibits the characteristic
crown-like appearance attributed to viruses in the Coronaviridae family. Four canonical
proteins—nucleocapsid (N), spike (S), membrane (M), and envelope (E)—form the structure
of the virus. S protein, a transmembrane protein, contains the receptor-binding domain
responsible for interaction with host cell receptors. M and E proteins also span the lipid
bilayer viral envelope and have multiple functions including roles in viral assembly and
budding. Inside the viral envelope, N protein interacts with and organizes the ~30 kb
positive-sense single-stranded RNA genome and adopts important functions throughout
the viral life cycle [52].

Coronavirus tropism is predominantly determined by the S protein structure, which
in the case of SARS-CoV-2, displays a high affinity for the human angiotensin-converting
enzyme 2 (ACE2) receptor. ACE2 is quite ubiquitous in the human body and is highly
expressed in the upper respiratory tract, cardiac muscle, alveolar epithelium, vascular
endothelium, liver, kidney, intestine, brain, testes, and immune cells [53]. As a result, SARS-
CoV-2 displays a broad tropism and capability to impact numerous body systems, although
initial infection typically targets the upper respiratory tract. Additionally, SARS-CoV-2
variants may differ in their tropism [54].

SARS-CoV-2 infection typically begins in multiciliated and sustentacular cells of the
upper respiratory tract [55,56]. The viral replication cycle is initiated by binding of the S1
subunit to host ACE2. Next, host transmembrane protease serine 2 (TMPRSS2) cleaves the
S protein, causing S2 subunit-mediated fusion of viral and host lipid bilayers and release of
the viral RNA-N protein complex into the cytoplasm [52]. Notably, other cell entry routes
including endocytosis and use of alternative co-receptors have been reported. Once inside
the cell, SARS-CoV-2 exploits host ribosomes to synthesize a full suite of 16 non-structural
proteins (NSPs). The NSPs form replication-transcription complexes (RTCs) and remodel
the endoplasmic reticulum (ER) and Golgi apparatus to establish double-membrane vesicles
(DMVs) that protect viral replication from innate immune detection. As new copies of
structural proteins and RNA genomes are synthesized, fully formed SARS-CoV-2 virions
are released via ER budding and exocytosis. The cytopathic replication cycle of SARS-CoV-2
can extend in this manner until cell homeostasis is sufficiently disrupted to trigger cell
death pathways [57,58].

To induce severe illness, SARS-CoV-2 must infect the lower respiratory tract. In this
environment, direct tissue damage mediated by viral replication largely determines the
extent of tissue damage caused by activation of local and systemic inflammatory responses.
Thus, the ability (or inability) to limit initial viral replication and propagation plays a
critical role in determining disease severity [59]. Airway immune cells such as AMs and
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plasmacytoid dendritic cells (DCs) play a key role in detecting endocytosed SARS-CoV-2
ssRNA. Infected epithelial cells can invoke cytosolic PRRs that identify non-self RNA
PAMPs. The activated PRRs then induce IFN-I and IFN-III transcription [52]. These “early”
IFNs signal through IFN-activated receptors (IFNARs) to induce transcription of IFN-
stimulated genes (ISGs), promoting an antiviral cell-state which restrains infection through
numerous mechanisms [59,60]. The importance of these signaling pathways in COVID-19
has been suggested by several studies. In vitro experiments have shown that SARS-CoV-2
is highly susceptible to IFN I treatment [61]. Consistent with this, patient samples from
mild-to-moderate cases of COVID-19 show higher expression of ISGs than in patients with
severe illness [62]. Thus, sufficient release of IFN-I and III early in infection may be an
important determinant of COVID-19 severity [59].

Unsurprisingly, SARS-CoV-2 employs numerous tactics mediated by NSPs and ac-
cessory proteins to suppress the host’s innate antiviral response. For example, through
NSP-ribosome interactions, SARS-CoV-2 can selectively block translation of host mRNA
while permitting translation of its own transcripts [63]. Other NSPs and accessory pro-
teins collaborate to reduce IFN signal transduction at various steps by inducing JAK2
degradation, inhibiting STAT phosphorylation, and inhibiting phosphorylation and nuclear
translocation of NF-«B and IRF3 [63,64]. Through these mechanisms (and others), SARS-
CoV-2 is highly capable of suppressing the release of host IFN-I and III and facilitating
replication. Severe COVID-19 has been associated with an impaired IFN-I response [65],
and subsets of these patients have even been shown to express IFN-I autoantibodies [66,67].
Moreover, IFN-I autoantibodies have been shown to inhibit IFN signaling in monocytes
and dendritic cells, suggesting that this process could impair the mounting of appropriate
cellular immune responses [68].

3.3. COVID-19 Immunopathology

Efficient clearance of SARS-CoV-2 with minimal damage to the host requires a coordi-
nated innate immune response to control infection and stimulate organization of a targeted
adaptive immune response. In severe disease, however, numerous mechanisms cause
dysregulation of the innate response, leading to significant immune-mediated damage
affecting the lungs as well as other organ systems. Furthermore, the disturbed innate
response leads to a late, ineffective adaptive immune response, setting the stage for critical
illness [59].

Several studies point toward inflammasome activation as a key mechanism in COVID-
19 immunopathogenesis [60,69,70]. This is supported by high association with disease
severity in key mediators associated with inflammasome activation in serum and/or BALE.
These include lactate dehydrogenase—an alarmin released during pyroptosis, IL1p and
IL-18—-cytokines cleaved by activated caspases, as well as a variety of cytokines strongly
induced by IL-1f3, including IL-6, IL8, and TNF-« [71,72]. By interrogating a combination of
biomarkers, Tojo and colleagues identified increased alveolar epithelial necrosis in COVID-
19 patients with vs. without ARDS. Using a 24 h experimental model of COVID-19 lung
injury, the authors demonstrated significant involvement of pyroptosis and necroptosis—
both of which are necrotic pathways activated by inflammasome formation [73]. The
exact mechanisms of inflammasome activation in these contexts may be multifactorial,
as evidence exists for both PRR-mediated DAMP detection and viral accessory protein
mechanisms. These findings suggest that COVID-19 may induce extensive inflamma-
some activation early in the disease phase in both alveolar epithelial and endothelial cells.
Moreover, viral suppression of IFN-I/III release likely exacerbates this phenomenon as
unfettered viral replication would enhance inflammasome activation and alveolar epithelial
necrosis [60].

Lung-resident macrophages are also subject to inflammasome activation. A recent
study demonstrated a novel mechanism in lung macrophages induced by direct SARS-
CoV-2 infection. Using isolated human lung macrophages and a humanized mouse model
of COVID-19, Sefik and colleagues found that ACE2 and CD16-mediated infection led to
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inflammasome activation, release of IL-1f3 and IL-18, and pyroptosis, driving significant
lung inflammation [70]. Interestingly, inhibition of NLRP3 decreased lung pathology but
led to the release of infectious virus, suggesting pyroptosis in infected macrophages is si-
multaneously virus-killing and immunopathologic [70]. These findings are consistent with
depleted AMs in BALF of patients with critical COVID-19. Furthermore, the depleted AMs
were replaced with large infiltrates of monocyte-derived macrophages which expressed
inflammatory phenotypes characterized by expression of IL-13, IL-6, IL-8, CXCL10, and
TNF-a. Gene expression profiling of these macrophages was suggestive of hyperactiva-
tion due to similarity with the profiles of macrophage activation syndrome (MAS) and
hemophagocytic lymphohistiocytosis (HLH) [74]. Thus, while AMs are vital in pulmonary
immune homeostasis under normal conditions, SARS-CoV-2 infection appears to trigger
inflammasome activation and pyroptosis of AMs, leading to lung pathology.

Circulating monocytes also play an important role in COVID-19 immunopathology.
PBMCs isolated from patients with severe COVID-19 bear striking differences to those
isolated from mild cases. Specifically, expression of surface markers in these PBMC pop-
ulations skews towards CD14high 5100Ahish [L.-6hish and HLA-DRIoV, indicating high
pro-inflammatory activity and low antigen-presenting capacity [74]. Furthermore, the
hypoxemic milieu of severe COVID-19 can reduce PBMC antiviral activity via the tran-
scriptional corepressor hypoxia-inducible factor-1a (HIF-1x). Under hypoxic conditions,
HIF-1oc was shown to attenuate HMGB1-induced synthesis of IFN-I but not IL-1(3 or TNF-#,
suggesting that pro-inflammatory activity was not impacted [75]. To make matters worse,
approximately 10% of PBMCs may be infected by SARS-CoV-2 via CD16-mediated uptake
of antibody-opsonized virus, leading to abortive replication and pyroptosis [76]. These find-
ings demonstrate that the circulating monocyte compartment is heavily shifted towards a
pro-inflammatory phenotype in severe COVID-19 with reductions in virus-targeted activity.

Neutrophilia is a consistent finding in patients with severe COVID-19 and appears to
be driven by the expansion of immature subpopulations. These immature neutrophils, iden-
tified via expression of CD11b/CD16/CD24/CD34/CD38, are suggestive of emergency
myelopoiesis and display enhanced myeloperoxidase, inflammasome, HIF-1c;, and NETosis
activity [77]. NETosis appears to be a significant contributor to COVID-19 pathology and
severity [78]. Functionally, NETosis has been experimentally induced in vitro using patient
sera and has potential to induce widespread immunothrombosis and barrier disruption.
The driving mechanism of this may be viral in nature, as S protein has been shown to induce
NETosis in vivo, and it remains to be seen whether neutrophils, which express ACE2, can be
directly infected by SARS-CoV-2 [79]. In addition to the immature subpopulation, multiple
studies have isolated a myeloid-derived suppressor cell (MDSC)-like subpopulation shown
to impede T cell proliferation and IFNy production, suggesting a potential mechanism for
the pathognomonic lymphopenia observed in severe COVID-19. Finally, while neutrophils
(especially NETs) are prevalent in the pulmonary microcirculation in severe COVID-19,
autopsy analysis suggests they may only be a potent infiltrator of alveolar spaces in a mi-
nority (25-50%) of cases [80]. Notably, there is a question whether the alveolar neutrophilia
in some cases might have been attributable to secondary bacterial infection.

The function of other innate immune cells may also be compromised in severe COVID-
19. Natural killer (NK) cells are depleted in the periphery and have been reported to display
signs of functional exhaustion including increased expression of NK group 2 member A
(NKG2A) and decreased expression of CD16, suggesting reductions in cytotoxicity and
licensing activity, respectively [81]. Findings regarding pulmonary infiltration of NK cells
are mixed and may be suggestive of recruitment late in disease course [82]. Plasmacytoid
DCs are similarly depleted in the periphery and may increase in the lungs during later
stages of disease. Of note, pro-apoptotic programming, reduced migration, and impaired
IEN-I production may contribute to a reduced antiviral response [83]. Data regarding NK
cells and DCs in severe COVID-19, however, appear to be consistent with reduced killing
of infected cells and impaired activation of the adaptive immune response [59,64,74,82].
Additionally, recent single cell RNA sequencing data have suggested that monocyte-derived
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soluble pro-inflammatory mediators could play a role in the development of a dysfunctional
NK cell response [84].

The adaptive immune response plays a critical role in controlling infection and is
typically activated within several days of symptom onset in COVID-19. Profound lym-
phopenia and exhaustion of CD4+ and CD8+ T cells have been frequently correlated
with poor outcomes among patients with severe COVID-19 [59,67,85,86]. One possible
mechanism behind this observation is migration to pulmonary tissues and resulting lung
pathology. However, this concept conflicts with inverse association between T cell levels
in BALF and mortality, suggesting a protective role of T cell responses within the lung
parenchyma [52,71]. Alternatively, autopsies in COVID-19 fatalities have revealed extensive
lymphocyte apoptosis in lymph nodes and in the spleen accompanied by hemophagocytic
macrophages, which were proposed to induce apoptosis via high IL-6 expression [87]. In
addition to cell-mediated immunity, the humoral response also plays a non-negligible
role in COVID-19 given the high immunogenicity of SARS-CoV-2 proteins. However,
low neutralizing antibody titers in a significant portion of recovered cases may suggest
that cell-mediated adaptive responses are more critical for controlling infection [88,89].
Collectively, the data regarding adaptive immune responses in severe COVID-19 suggest
impaired CD4+ and CD8+ responses contribute to poorer outcomes.

In summary, altered innate and adaptive immune responses are significant drivers
of COVID-19 immunopathology. Severe COVID-19 is characterized by reduced IFN-1/1I1
release and unfettered viral replication in the lung parenchyma, leading to widespread
induction of inflammasome activation [60]. The effects of inflammasome activation are
twofold: first, necroptosis and pyroptosis drive release of DAMPs which enhance inflam-
masome activation in a positive-feedback manner. Second, IL-1(3 release drives induction
of an inflammasome-directed cytokine profile, including IL-6, IL-8, and TNF-« [69]. These
factors coalesce to drive cell-mediated lung injury through infiltration of inflammatory
monocyte-derived macrophages and widespread NETosis [76,90]. Finally, through a mul-
titude of mechanisms including a blunted early IFN response, impaired stimulation by
antigen-presenting cells, and induction of apoptosis, CD4+ and CD8+ lymphocytes are
unable to mount a timely and effective response to infection [88]. These factors lead to a
persistent infection coinciding with severe immunopathology, increasing the likelihood of
critical disease and death [74].

3.4. Microvascular Dysfunction

Numerous studies point toward microvascular dysfunction in COVID-19 as a key
contributor to hypoxemia and worse outcomes [91-99]. This phenomenon appears to
involve endothelial dysfunction, coagulopathy, and dysregulation of ACE2.

Loss of barrier integrity and adoption of a pro-coagulative state in the vascular en-
dothelium, termed endotheliitis, is proposed to be a major contributor to COVID-19 lung
injury [100]. Plasma markers of endothelial injury (angiopoietin-2, follistatin, PAI-1) were
elevated and demonstrated to have a strong mortality-predictive capacity in a study on
hospitalized COVID-19 patients. VEGF was also shown to be increased and associated
with intussusceptive capillary angiogenesis [101]. Mechanisms driving endotheliitis may
be related to ACE2-mediated viral infection of endothelial cells, which has been observed
in in vitro organoid models and on autopsy of lung and other organs [102]. Moreover, viral
presence in autopsy samples colocalized with caspase-3 staining, indicating induction of en-
dothelial apoptosis [103]. It is likely that host-mediated effects also drive the development
of endotheliitis in severe COVID-19 via high levels of pro-inflammatory cytokines and
DAMPs. Collectively, this shift in endothelial status has critical consequences for the host.
In addition to impairing the alveolar—capillary barrier function, endotheliitis is suggested to
cause the observed loss of hypoxic vasoconstriction in severe COVID-19, which exacerbates
V/Q mismatch and hypoxemia [104].

The activated and disrupted endothelium acts synergistically with other processes to
drive coagulopathy in COVID-19. Circulating levels of tissue factor-expressing extracellular
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vesicles are associated with disease severity and incidence of venous thromboembolism
(VTE) [105]. Possibly driven by the pro-inflammatory milieu or direct infection, platelets
in COVID-19 are hyperreactive and display enhanced P-selectin expression and immune
cell-aggregation capacity [106]. NETs also appear to be a massive contributor to coag-
ulation due to high levels of tissue factor expression and findings of aggregated NETs
occluding microvessels in autopsy studies [80]. Critically, upregulation of genes encoding
pro-coagulative factors (e.g., vVWF) were accompanied by downregulation of genes encod-
ing anticoagulative factors (e.g., thrombomodulin) in COVID-19 patient BALF, signaling a
profound shift to a procoagulative state [107]. These observed mechanisms of coagulation
are consistent with autopsy findings of capillary microthrombi and high incidence of VTE
(21-69%) in severe COVID-19 [108]. Furthermore, interactions among S protein, fibrin, and
immune cells contribute to the formation of pro-inflammatory blood clots that exacerbate
thrombotic inflammation and pathology [109,110].

Dysregulated ACE2 activity may also contribute to vascular dysfunction. ACE2
performs important hemostatic roles in the renin—angiotensin-aldosterone system (RAAS),
by converting angiotensin II (ang II) to angiotensin (1-7) (ang (1-7)), and the kallikrein—
kinin system (KKS), by inactivating des-Arg9-bradykinin (DABK). Consequently, ACE2
prevents build-up of both ang Il and DABK, which could otherwise be detrimental to the
host [53]. In the RAAS, Ang II exerts vasoconstrictive and pro-inflammatory effects via
the angiotensin receptor 1 (AT1), whereas ang (1-7) exerts counterbalancing vasodilatory
and anti-inflammatory effects via the MAS receptor. Meanwhile, in the KKS, DABK
promotes vasodilation and vascular permeability via the bradykinin 2 receptor (B2R) [111].
Following SARS-CoV-2 binding, ACE2 is thought to be internalized and downregulated or
proteolytically shed, leading to a soluble ACE2 (sACE2) [53,112]. These mechanisms reduce
ACE2 activity and cause deleterious effects via ang Il and DABK; however, clinical data have
yet to show clear trends in COVID-19-induced changes in ACE2 expression or function [113].
Importantly, ACE2 appears to be protective based on in vivo experiments with SARS-CoV-
1, and increased expression does not raise host susceptibility as demonstrated by a lack of
risk in patients with medication (ACE inhibitors, angiotensin receptor blockers)-induced
ACE2 upregulation [114,115]. Thus, available data suggest that dysregulated RAAS activity
is an important contributor to microvascular dysfunction in COVID-19 [116].

Although these and other discoveries have significantly furthered our understanding
of COVID-19-associated vasculopathies, there is still much that remains unknown. This
was exemplified in a recent study using electric cell-substrate impedance sensing, in
which the authors concluded that an unknown heat-labile component of COVID-19 patient
plasma may drive endothelial permeability to a greater extent than known viral or host
factors [117]. Further research may clarify this finding and provide greater insight into
endothelial dysfunction in COVID-19 and other diseases.

3.5. Clinical Pathophysiology

Similar to the general pathophysiology of ARDS, hypoxemia in severe COVID-19
results from inadequacy in gas exchange between ventilated and perfused lung regions [1].
However, clinical observations have inspired the hypothesis that COVID-19 follows a
distinct pattern of respiratory features that occur in chronological order. As proposed by
Gattinoni and colleagues, early COVID-19 presents a type “L” phenotype characterized by
low degrees of elastance (i.e., high compliance), V/Q ratio, lung weight, and recruitability,
while deterioration leads to a type “H” phenotype characterized by a high degree of
elastance, intrapulmonary shunting, lung weight, and recruitability [118]. As such, type H
is typically consistent with a diagnosis of severe ARDS.

In the early stages of severe COVID-19, tissue injury appears to localize to the periph-
ery of the lungs, consistent with coagulopathy and microvascular alterations observed
in lung biopsies at this stage [119-122]. Conversely, a lack of hyaline membranes and
preservation of lung weight, compliance, and recruitability at this stage is suggestive of a
relative lack of alveolar edema [118]. Of note, alveolar type 2 epithelial hyperplasia has



Appl. Sci. 2024, 14, 11048

12 of 29

been observed at this stage as well, likely replacing cytopathy within the alveolar epithe-
lium [80]. Interestingly, patients in this stage may also present with profound hypoxemia
but a notable lack of dyspnea, a paradoxical finding which has come to be termed “silent
hypoxia” [123,124]. The mechanism for this phenomenon is proposed to involve impaired
oxygen-sensing in the carotid body, and case reports of SARS-CoV-2 within the carotid
body have emerged [124].

Progression of COVID-19 to critical stages may occur due to combined impacts of
evolving pneumonia as well as patient self-inflicted lung injury (P-SILI) related to neu-
rologically driven respiratory efforts during mechanical ventilation [125,126]. At this
stage, increasing barrier dysfunction drives the development of alveolar edema, leading
to reduced compliance while increasing lung weight and intrapulmonary shunting [118].
These features are consistent with findings on autopsy specimens which report DAD as
the predominant histopathological finding of COVID-19 [80]. Notably, lymphocytes have
been shown to be the primary inflammatory cell in lung specimens, and while neutrophils
were observed in a percentage of cases, their presence may have been related to bacterial
superinfection [80]. Microvascular dysfunction appears to be a key driver of respiratory
failure at this stage as well. Functional respiratory imaging demonstrated that COVID-19
ARDS patients have markedly reduced blood volume in small caliber vessels relative to
matched non-COVID-19 ARDS patients [127]. These factors contribute to the high mortality
seen in the H-type phenotype.

Beyond lung injury, diverse extrapulmonary manifestations have been reported in
COVID-19 patients. Myocardial dysfunction, including myocardial injury, acute coro-
nary syndromes, arrhythmias, and other manifestations have been reported in 20-30% of
hospitalized patients [47,97]. Renal injury is reported in up to 29% of cases and is often
characterized by acute tubular injury and microvascular occlusions [80]. Neurological
complications are among the most diverse and frequently reported manifestations, ranging
from common mild symptoms, such as anosmia and fatigue, to rare and severe presenta-
tions, such as stroke and Guillain-Barre syndrome [47]. The mechanisms of these effects
have been hypothesized to involve viral cytotoxicity, endotheliitis, immune dysregulation,
and/or RAAS dysregulation [47]. COVID-19 is also associated with long-term complica-
tions which have been termed “long COVID” or post-acute sequelae of COVID-19 [128].
Long COVID encompasses a range of symptoms including gastrointestinal symptom:s,
memory loss, shortness of breath, and others. The mechanism of long COVID is likely
related to autoimmunity and persisting viral particles and is thought to scale with acute
disease severity [129]. Additionally, patients with long COVID were shown to have on-
going alterations in leukocyte populations and humoral responses relative to healthy
controls [130]. While comparatively little is known at this stage, longitudinal studies will
be critical in understanding the true long-term burden of this phenomenon.

4. Comparisons to Other Etiologies

Whether or not COVID-19 lung injury is similar or distinct from other ALI etiologies
is a source of ongoing research and debate. COVID-19 displays broad similarities to the
spectrum that is ARDS, including alveolar—capillary barrier dysfunction and the need for
ventilatory support. However, variance in patient responses to certain therapies underscore
the fact that COVID-19, and perhaps all causes of ALL is not best treated using a “one size
fits all” model. This chapter discusses differences in pathophysiology between COVID-19
lung injury and the three most historically frequent causes of ALI, namely, other viral
respiratory pathogens, bacterial pneumonias, and non-pulmonary sepsis (summarized in
Table 2).

4.1. Viral Respiratory Pathogens

Despite its unprecedented global impact, SARS-CoV-2 is a relative newcomer among
viruses known to induce ALL Influenza virus, respiratory syncytial virus (RSV), and other
coronaviruses have historically been the most impactful [131]. Similar to SARS-CoV-2, the
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ability of these pathogens to cause ALI is contingent upon infection of the lower respiratory
tract, although as described below, resulting lung injury may differ in both mechanism and
presentation [132].

COVID-19 is the third coronavirus of global significance to arise in little over two
decades. SARS-CoV-1 and Middle East respiratory syndrome (MERS)-CoV emerged in
2002 and 2012, respectively, and combined have caused over 1500 deaths in the years
since [133]. With 79.6% sequence homology to SARS-CoV-2, SARS-CoV-1 bears similarities
including ACE2-mediated cell entry, which is similarly believed to induce RAAS derange-
ment via the ang II-AT1 axis [134]. Indeed, many other features of SARS draw parallels
to COVID-19 lung injury. For example, histological findings of DAD with monocytic
and lymphocytic infiltrates, as well as systemic lymphopenia and thrombocytopenia, are
consistent with COVID-19 pathogenesis [135]. Increased inflammatory cytokine release
with reduced IFN-I production was associated with more severe ALI and may suggest a
similar immunopathology, while high rates of pulmonary microthrombi (58%) and emboli
(28%) suggest a similar degree of coagulopathy as in COVID-19 [136]. Notably, there is a
higher mortality rate in SARS (10%), which may indicate more severe disease, although it is
unclear what role evolving care practices may play in this [137]. MERS, on the other hand,
is least similar among these three coronavirus diseases. MERS-CoV initiates cell entry via
binding dipeptidyl-peptidase 4 (DPP4; a.k.a. CD26) [133]. Lung injury characterized by
neutrophil and macrophage infiltrates is reported, and radiographic findings are consistent
with viral pneumonia and ARDS. Additionally, MERS bears a high preponderance for
renal injury, a feature which may be explained by direct infection, as kidney cells highly
express DPP4 [137]. Similar to SARS and COVID-19, however, it is suggested severe dis-
ease involves a prolonged innate immune response and weaker adaptive response. The
mortality rate for MERS has been reported at 40%, representing a massive increase relative
to COVID-19 and SARS [137].

Influenza viruses are negative-sense single-stranded RNA viruses responsible for
seasonal epidemics and occasional pandemics such as the 2009 HIN1 pandemic [132].
Influenza A viruses (IAV) are responsible for the latter and other pandemics and will be
the focus here. The pathophysiology of influenza lung injury is similar to COVID-19 in
some respects. IAV tropism, mediated by viral hemagglutinin and host sialic acid residues,
has been demonstrated to include AECs, endothelial cells, and leukocytes [132,138]. In
the early stage of infection, cell death (apoptosis, pyroptosis, and necroptosis have been
observed) and IFN-I responses are induced in epithelial cells, while the virus employs sev-
eral strategies to limit ISG activation and enhance replication [132,139]. As with COVID-19,
host innate responses are a double-edged sword. Elevated production of inflammatory
cytokines promotes inflammatory monocyte infiltration and contributes to disruption of the
alveolar—capillary barrier [140]. In both COVID-19 and IAV, neutrophil activity is directed
towards NETosis within the pulmonary microcirculation, whereas direct infiltration of the
alveoli is less frequent. Indeed, microvascular dysfunction is similarly involved in the
pathophysiology of IAV. Endothelial cells are suggested to be a primary contributor to
cytokine production and leukocyte recruitment, and direct infection by several IAV strains
has been observed [140,141]. Additionally, platelet activation and pulmonary thrombosis
are a frequent finding in both experimental and clinical scenarios. However, several differ-
ences in clinical studies suggest IAV may exert considerably less pulmonary microvascular
dysfunction relative to COVID-19. Autopsy analyses of lungs from COVID-19 patients
revealed a 9-fold increase in prevalence of alveolar capillary microthrombi relative to lungs
from IAV patients [92]. More recently, Kronibus et al. assessed respiratory parameters over
a 16-day period in COVID-19 patients and matched IAV patients in ICU and observed
declining and stable respiratory system compliance, respectively, in each group [132,142].
The temporal decline in compliance in COVID-19 patients in this study could result from
widespread initial capillary microthrombi followed by increasing alveolar edema as the
disease progresses. Conversely, comparatively stable compliance in IAV patients is not
suggestive of major changes in alveolar edema. Thus, while COVID-19 and IAV share
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similarities in tropism and immune response, available evidence supports the idea that
COVID-19 lung injury is characterized by greater microvascular dysfunction and resultant
pulmonary thrombosis.

RSV is an enveloped single-stranded RNA virus belonging to the family paramyx-
oviridae and constitutes a frequent cause of respiratory illness in pediatric and elderly
populations [132]. The main target receptor of RSV is CX3CR1, which it uses to primar-
ily infect respiratory epithelial cells from the trachea to the bronchioles, although it may
also infect AECs, primary neurons, and immune cells [143]. Inside the host cell, RSV
employs several pathogenic strategies to facilitate replication, including impairment of
mitochondrial function and inhibition of IFN-I responses [144]. While these mechanisms
bear similarity to SARS-CoV-2, RSV’s method of inducing respiratory epithelial damage is
markedly different. RSV causes fusion of epithelial membranes and development of syn-
cytia, leading to sloughing of the respiratory epithelium and release of pro-inflammatory
mediators [144]. While this may cause direct impairment of the alveolar-capillary barrier
and edema, RSV is more classically characterized by bronchiolitis, with a “wheezing”
phenotype [144]. Furthermore, unlike the mononuclear infiltrates frequently observed in
COVID-19, neutrophils appear to be the primary responder in RSV, although eosinophils
have been reported, resulting from previous G protein sensitization [143]. Endothelial
involvement in RSV is not reported and contrasts sharply with the endotheliitis observed
in COVID-19. Nonetheless, some degree of endothelial barrier dysfunction is evident con-
sidering observations of peribronchial thickening coinciding with ground-glass opacities
and consolidation on chest radiography [145].

4.2. Bacterial Pneumonia

Compared to viral pathogens, bacterial pneumonias are typically characterized by
more rapid disease onset. Bacterial pneumonia is classified as community-acquired pneu-
monia (CAP) and hospital-acquired pneumonia (HAP) and can be caused by diverse
gram-negative or gram-positive species, each of which possess different virulence factors
that drive infection and lung injury [146].

CAP is most often caused by Streptococcus pneumoniae, a gram-positive bacterium.
S. pneumoniae is an extracellular pathogen and can induce damage to host cells through
several mechanisms. Like many other bacteria, S. pneumoniae uses biofilm formation to
modulate host inflammatory responses and evade phagocytosis [147]. Additionally, its
pore-forming toxins such as pneumolysin and hemolysin compromise the epithelial barrier
through induction of alveolar type 2 epithelial cell death and release of pro-inflammatory
cytokines [15]. Similar to COVID-19, inflammasome activation appears to play an important
role in pathogenesis, and NLRP3-deficient mice were shown to have better outcomes. IFN-I
production has been shown to be beneficial to the host, although through an apparently
different mechanism than COVID-19, involving protection of AEC2 cells [148,149].

Mycoplasma pneumoniae is an atypical bacteria and common cause of CAP, responsible
for up to 40% of CAP in children over the age of 5 [149]. M. pneumoniae is predominantly an
extracellular pathogen that binds to respiratory epithelial cells using a polarized attachment
organelle [150]. This allows it to bind respiratory cilia, where it produces hydrogen peroxide
and superoxide, promoting sloughing of epithelial cells injury. M. pneumonia also produces
a unique exotoxin termed community-acquired respiratory distress syndrome (CARDS)
toxin, which induces a potent inflammatory response, resulting in cell swelling, nuclear
lysis, mucous proliferation, and cellular vacuolization [151].

Legionella pneumophila, a less common cause of CAP, is clinically distinct from other
causes of bacterial pneumonia as well as COVID 19 ALI [152]. The presence of certain symp-
toms, mainly diarrhea and mental confusion, are much more common in L. pneumophila
infection compared to other bacterial pneumonias [152]. L. pneumophila is a facultative intra-
cellular bacterium that has a high propensity to invade alveolar macrophages. Its Dot/Icm
type IV secretion system delivers effector proteins into the host, inhibiting phagosome-—
lysosomal fusion, therefore facilitating bacterial proliferation [153]. Interestingly, Legion-
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naires disease produces distinctive histopathological findings. Erythroleukoplagocytosis is
a hallmark finding, which reflects the intravascular hemolysis and leukopenia caused by
infection [154]. Moreover, the scarcity of neutrophils in the alveolar exudate contrasts with
the abundance of neutrophils that is commonly seen in other types of bacterial pneumo-
nias [154].

HAP, which includes ventilator-associated pneumonia (VAP), can become a severe
complication of pre-existing infections or illnesses in health care settings. The most common
causative pathogens of HAP include Pseudomonas aeruginosa and Staphylococcus aureus [146].
P. aeruginosa is a gram-negative opportunistic bacterium that secretes several products
that play a key role in its pathogenesis. These include exotoxins and exoenzymes that
impair intercellular junctions in the epithelium and endothelium, as well as alkaline pro-
tease, which decreases the airway surface liquid through the activation of ENaC [147,155].
S. aureus is a gram-positive opportunistic aerobe which induces host epithelial damage
through several mechanisms including hemolysin pore-forming toxins and a leukocytolytic
exotoxin known as Panton—Valentine leukocidin (PVL). PVL is particularly insidious in the
development of ALI and can induce epithelial necrosis of AEC1s as well as recruitment
and degranulation of neutrophils [147].

Whereas COVID-19 is more often characterized by mononuclear infiltrates, neutrophils
play a primary role in immune recruitment in early phases of most bacterial pneumo-
nias [147]. Furthermore, the degree to which endothelial activation occurs in bacterial
pneumonia appears to much less extensive than in COVID-19. While many patients present
with a pro-coagulant phenotype, this may be complicated by the presence of other co-
morbidities and does not reflect the extensive endotheliitis and coagulopathy observed in
COVID-19 [146]. Moreover, radiographic findings in COVID-19 point to a more diffuse pat-
tern of ALI, whereas bacterial pneumonias commonly exhibit focal patterns of lung injury
that may even be localized to individual lobes depending on the site of infection [146].

The contribution of bacterial pneumonias to super-infection in patients with viral pneu-
monia should also be mentioned. For example, it is well established that influenza, through
modulation of the host immune system, increases the risk of bacterial co-infection [156,157].
Whether direct mechanisms occur in COVID-19 is not yet established, although indirect
risks are suggested in patients treated with immunosuppressants [158]. Finally, while co-
morbidities confer increased susceptibility in COVID-19 and bacterial pneumonia, patients
with impairments in muco-ciliary clearance (e.g., cystic fibrosis) have a long-established
risk of bacterial pneumonia [147]. Conversely, mechanisms of these risks have not been
fully elucidated in COVID-19, and this is an area of ongoing research.

4.3. Fungal Pneumonia

Respiratory fungal infections can also cause ALI and pose a significant clinical chal-
lenge, especially in immunocompromised patients. Aspergillus, Cryptococcus, Pneumo-
cystis, Candida and endemic fungi are the most common sources of fungal infection in
humans [159]. While these infections are rarely observed in healthy subjects, they can result
in life-threatening illness in immunocompromised patients [159]. Innate myeloid cells,
including macrophages, dendritic cells, and neutrophils are the initial responder to mycotic
infection. NK cells also aid in controlling fungal expansion via direct and indirect killing
of invading organisms, while Thl and Th17 cells confer anti-fungal activity via the pro-
duction of IFN-y and IL-17 [159]. COVID-19 infection can induce significant lymphopenia,
which in combination with immunosuppressant therapy, significantly increases the risk of
opportunistic fungal infection [160]. COVID-19-associated fungal infections are associated
with a 2-fold increase in ICU admission rates and a 4-fold increase in in-hospital death
rates compared to non-COVID-associated fungal infection [161]. COVID-19-associated pul-
monary aspergillosis (CAPA) and COVID-19-associated mucormycosis (CAM) are two well
described fungal co-infections, with mortality rates reaching as high as 40-49% [162,163]
In fungal infection, airway fibrinogenolysis and disruption of airway epithelial tight junc-
tions by fungal proteases promote allergic inflammation, further sustaining lung pathol-
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ogy [164]. This can result in airway obstruction due to the release of fibrinous material from
damaged or dead cells, further reducing gas exchange and contributing to the hypoxic
milieu [162,165].

4.4. Non-Pulmonary Sepsis

Sepsis is defined as life-threating organ dysfunction caused by a dysregulated host
response to infection, and non-pulmonary sepsis is among the most common risk factors
associated with development of ARDS [11,166]. Conceptually, sepsis-induced ALI differs
from pneumonia-induced ALI in that the endothelial barrier is affected prior to the ep-
ithelium [167]. However, the severe endothelial disruption observed in COVID-19 lung
injury raises questions as to whether its pathophysiology might closely resemble that of
sepsis-induced ALL

Both sepsis and severe COVID-19 demonstrate an exacerbated innate inflammatory
response that contributes to the development of ALIL In sepsis, these responses are char-
acterized by elevated plasma levels of an array of pro-inflammatory mediators including
IL-1, IL-6, IL-8, and TNF-«, a similar profile reported in COVID-19 [10,69,167,168]. These
cytokines and chemokines stimulate the activation of immune cells, especially neutrophils
and monocytes which further contribute to inflammation through interacting with the
endothelium, releasing antimicrobial agents and, in the case of neutrophils, undergoing NE-
Tosis [79,169]. In terms of immune cells infiltrating the lungs, unlike COVID-19, neutrophils
are the predominant effector in sepsis, and alveolar neutrophil presence is associated with
worse outcomes [167]. The acute hyper-inflammatory phase of sepsis is generally followed
by a state of immune exhaustion characterized by severe lymphopenia with associated
activation of programmed death-1 (PD-1) and programmed death-ligand 1 (PD-L1) signal-
ing [170]. Indeed, lymphopenia associated with elevated PD-1 is well reported in severe
and critical COVID-19 [81]. Thus, there are important shared trends of innate and adaptive
immune activation in sepsis and COVID-19. However, it should be emphasized that these
trends have potential to be more heterogeneous in non-pulmonary sepsis due to multiple
possible causative agents.

Endothelial activation is observed in both sepsis and COVID-19 but may be driven
primarily by different mechanisms. Activation of TNF receptors and PAR-1, as well as
decreased shear stress due to septic shock, are proposed to be key events in sepsis driv-
ing the shift to a pro-inflammatory and pro-coagulative state [171]. While these are also
contributing factors in COVID-19, some reports suggest that direct infection by SARS-
CoV-2 may be the most important factor. Nonetheless, ensuing barrier permeability and
pro-inflammatory cytokine transcription in both cases point towards a similar pheno-
type of widespread endothelial activation. In keeping with this, both sepsis and severe
COVID-19 are characterized by extensive coagulopathy [122]. Patients in both groups
present with elevated D-dimer and PAI-1, the levels of which are correlated with poor out-
comes [122,172,173]. In either case, NETosis plays a central role in coagulation through the
exposure of histones, nucleic acids, and tissue factor, which promote platelet aggregation
and clot formation [78,174]. Disseminated intravascular coagulation (DIC) is described as
intravascular activation of coagulation with loss of localization and has been well reported
in sepsis as a contributing factor to organ dysfunction and death [172]. DIC has been sug-
gested to occur in COVID-19; however, some suggest that the latter represents a different
phenotype due to significant contributions of intra-alveolar fibrin deposition [122]. Indeed,
a novel definition for “COVID-19-associated coagulopathy” is a current area of focus. Dif-
ferences aside, coagulation within the pulmonary microcirculation prompts the formation
of capillary microthrombi and ensuing perfusion defects, worsening gas exchange.
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Table 2. Comparison of COVID-19 to other etiologies of ALL
Etiology Virulence Profile Immune Profile II\,/Ir:)cfli'i):ascular Clinical Profile
Inflammasome Viral pneumonia, DAD
S protein hvperactivation Thrombocytopenia Main infiltrates:
COVID-19 P . yP . . NETosis/microthrombi  monocyte-derived
[46,52,60,80,89,142] ACE2-mediated entry — Hypercytokinemia RAAS dysregulation ~ macrophages
e Strong IFN-I inhibition ~ (IL-1p, IL-6, IL-8, TNF) ysres .. ’
. Reduced vasoreactivity ~ lymphocytes
Lymphopenia . . .
Biphasic progression
Inflammasome Viral pneumonia, DAD
Severe Acute S protein hyperactivation Thrombocvtopenia Main infiltrates:
Respiratory Syndrome ~ ACE2-mediated entry Hypercytokinemia NETosis /IilliCII'Z) thrombi monocyte-derived
[132-134,136] IFN-I inhibition (IL-1p3, IL-6, IL-8, TNF) macrophages,
Lymphopenia lymphocytes
S protein Inflammasome Viral pneumonia, DAD
Middle East . hyperactivation . Main infiltrates:
Respiratory Syndrome eDnszAL—medlated cell Hypercytokinemia Eg;:;g;g:gﬁiﬁimbi monocyte-derived
[132-134,137] Yoo (IL-1p, IL-6, IL-8, TNF) macrophages,
IFN-I inhibition . .
Lymphopenia neutrophils
Hemagglutinin Inﬂammsjlsorpe . Viral pneumonia, DAD
. . 209 . hyperactivation Thrombocytopenia R
Influenza A Virus Sialic acid-mediated Hypercytokinemia NETosis/microthrombi Main infiltrates:
[134,135,138,139] cell entry (IL-1p, IL-6, IL-8, TNF)  (lesser than COVID-19) neutrophils,
IFN-I inhibition Lymp},loper,ﬁa § lymphocytes
F/G glycoproteins Bronchiolitis, viral
Respiratory Syncytial CX3CR1-mediated cell . . pneumonia
Virus entry lasryérrllge(;ytokme Not pathognomonic Main infiltrates:
[143-145] IFN-I inhibition P neutrophils,
Syncytia formation eosinophils
. - Biofilm formation Inﬂammésorpe Var10.uS. phenotypes of
Bacterial Pneumonia . . hyperactivation . lung injury
Pore-forming toxins . . Not pathognomonic e
[146-148] . Varying cytokine Main infiltrates:
Exotoxins/exoenzymes .
responses neutrophils
. Biofilm formation . . Varloju ° phenotypes of
Fungal Pneumonia Tissue invasion b Varying cytokine Not pathoenomonic lung injury
[159,160,165] y responses pathog Main infiltrates:
hyphae X
neutrophils
Thrombocytopenia
. Hypercytokinemia NETosis/microthrombi  Diffuse lung injury
gg‘ggp ;lég‘fg%ry SePsis  Various (IL-1B, IL-6, IL-8, TNF)  DIC Main infiltrates:
T Lymphopenia Reduced shear stress neutrophils

(shock)

5. Therapeutic and Supportive Strategies for COVID-19

The COVID-19 pandemic stimulated a concerted global effort to develop novel thera-
peutics, repurpose approved medications, define optimal supportive strategies, and create
effective vaccines to reduce disease burden. Many drugs have shown promise either con-
ceptually or pre-clinically, only to fall short in large-scale clinical trials. Other treatments
have demonstrated success, with the caveat that ARDS has been and remains associated
with extremely high mortality rates. Recently, our increasing understanding of COVID-19
has provided rationale for the outcomes of some of these trials and has emphasized the
importance of timing and patient factors in selecting appropriate therapies. This section
provides a brief overview of supportive measures and relevant drug therapies which have
been recommended and trialed in COVID-19 patients.
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5.1. Ventilatory Support

Since hypoxemic respiratory failure is the primary cause of death in COVID-19, venti-
latory support is potentially the most vital aspect of patient care. Numerous factors such as
timing, method, positioning, and respiratory mechanics may all play a role in determining
outcomes, highlighting the need for high quality evidence to inform such decisions.

The goal of oxygen supplementation is to correct hypoxemia and consequently prevent
hypoxia and damage to vital organs [123]. For patients with severe COVID-19, the WHO
recommends maintaining SpO, > 90%, which may be achieved through the use of a high-
flow nasal cannula (HFNC) or non-invasive ventilation (NIV) [175]. HFNCs and NIV
are important intermediate measures as they reduce requirement of invasive mechanical
ventilation (IMV), which is associated with risk of VILI [1]. Notably, NIV and HFNO were
trialed in 1273 patients, and only the former reduced occurrence of tracheal intubation or
mortality compared to conventional oxygen therapy (36% vs. 44%) [176]. Additionally,
an important hazard to avoid when using a HFNC or NIV is hyperoxygenation, which is
associated with toxic effects in the lungs and other tissues [123].

If non-invasive oxygen supplementation fails, IMV must be used to oxygenate the
patient, which prompts consideration of a range of parameters. Research has identified the
importance of lung-protective ventilation strategies characterized by low tidal volumes
(4-8 mL/kg predicted body weight), low plateau pressures (<30 cmH,0), and adequate
positive end-expiratory pressure (PEEP; 5-20 cmH;0). These factors help to limit VILI
by reducing regional overdistension of alveoli and atelectasis [11]. Prone positioning is
a simple but highly effective tool for correcting regional V/Q mismatch deficits and has
been recommended for 12-16 h per day in patients with severe ARDS [177]. Additionally,
conservative fluid management, neuromuscular blockade, and pulmonary vasodilators
can be useful in managing ventilated patients [178]. Finally, if lung-protective IMV and
associated measures are insufficient to maintain oxygenation, extracorporeal membrane
oxygenation (ECMO) can be a life-saving therapy.

5.2. Pharmacotherapy Targeting SARS-CoV-2

Significant research in recent years has focused on identifying compounds with an-
tiviral activity against SARS-CoV-2. However, translating this research to effective, well-
tolerated antiviral effects in humans remains challenging. Remdesivir, nirmatrelvir, and
molnupiravir have been among the most effective antivirals to date.

Remdesivir, a nucleoside analog prodrug, inhibits RNA viruses by competing with
ATP, hindering viral RNA replication [179]. Three clinical trials (ACTT-1, PINETREE, Soli-
darity) have demonstrated benefit with remdesivir treatment compared to placebo and may
point towards the importance of appropriate timing and patient criteria in treatment effec-
tiveness. In these studies, remdesivir was shown to shorten the time to recovery in hospital-
ized patients (10 days vs. 15 days), reduce hospitalization or death in high-risk outpatients
(1.6% vs. 8.3%), and reduce mortality in non-ventilated (at entry) hospitalized patients
(11.9% vs. 13.5%) [180-182]. Interestingly, in the latter study, no benefit was observed in
patients who were already ventilated at entry. This could suggest immunopathology, and
not viral replication, as the main contributing factor to disease progression once mechanical
ventilation is required. The 87% lower risk of hospitalization or death in the outpatient
cohort is consistent with a more beneficial effect in early stages of COVID-19 [181].

Another oral prodrug, molnupiravir, incorporates into newly synthesized viral RNA
as N4-hydroxycytidine and induces transcription errors [183]. These errors cause non-
functional proteins which accumulate and worsen with each replication cycle, leading to
non-functional virions. Molnupiravir was trialed in 1433 outpatients with mild-to-moderate
COVID-19 and significantly reduced the primary outcome of hospitalization or death
compared with placebo (6.8% vs. 9.7%) [184]. Notably, a point of concern has been raised
regarding the mechanism of action of molnupiravir, since partially functional proteins
could confer resistance over time. However, this has not been observed to date [178].
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One of the most recently studied antivirals for COVID-19, nirmatrelvir, specifically in-
hibits the SARS-CoV-2 main protease (NSP5). NSP5 is responsible for the formation of other
NSPs via cleavage of viral polyproteins; thus, loss of NSP5 function attenuates viral replica-
tion [185]. Most recently, nirmatrelvir was trialed as a twice-daily combination therapy with
ritonavir, a repurposed viral protease inhibitor which improves the drug’s pharmacokinetic
profile, for 5 days in 2246 symptomatic unvaccinated outpatients. Nirmatrelvir-ritonavir
was associated with a lower risk of hospitalization or death compared to placebo (0.77% vs.
7.01%) as well as reduced viral loads [186]. The effects of nirmatrelvir-ritonavir thus appear
to mirror those in the outpatient remdesivir study, and its potential efficacy in hospitalized
cohorts remains to be seen.

5.3. Pharmacotherapy Targeting Inflammation

Many anti-inflammatory and immunosuppressive therapies have targeted a proposed
“hyper-active” immune response in COVID-19. Few have been successful, perhaps due
to the complex immunopathology of the disease. Among these, dexamethasone, IL-6
antagonists, and baricitinib have shown notable results.

Dexamethasone is a corticosteroid which enacts anti-inflammatory and/or immuno-
suppressive effects via the glucocorticoid receptor [187]. The Randomized Evaluation
of COVID-19 Therapy (RECOVERY) group assessed the effects of 6 mg of daily oral or
intravenous (i.v.) dexamethasone for <10 days vs. standard care in 6425 hospitalized
patients. Results showed a significant reduction in mortality in mechanically ventilated
patients, while patients not receiving oxygen exhibited a non-significant increase in mortal-
ity [188]. These findings have since been recapitulated in other studies and appear to be
consistent with knowledge of COVID-19 immunopathology [178]. Namely, suppression of
innate responses in the early stage (i.e., patients not receiving oxygen) could facilitate viral
proliferation and contribute to poor outcomes.

Tocilizumab, sarilumab, and siltuximab are recombinant monoclonal antibodies that
function as IL-6 antagonists by binding membrane-bound and soluble forms of IL-6 receptor
(e.g., tocilizumab, sarilumab) or by binding IL-6 directly (e.g., siltuximab) [189]. The World
Health Organization (WHO) Rapid Evidence Appraisal for COVID-19 Therapies (REACT)
group examined the efficacy of IL-6 antagonists compared to standard care or placebo and
observed a slight reduction in all-cause 28-day mortality risk (22% vs. 25%). Of note, a
higher percentage of secondary infections occurred among IL-6 antagonist-treated patients
(21.9% vs. 17.6%) although the difference was not statistically significant [190].

Baricitinib is an oral disease-modifying antirheumatic drug (DMARD) that reduces
transcription of pro-inflammatory cytokines by inhibiting Janus kinase (JAK) 1 and 2 [191].
Originally indicated in theumatoid arthritis, baricitinib was trialed in patients receiving
standard of care (systemic corticosteroids plus antivirals) at 4 mg daily for <14 days. While
baricitinib did not significantly reduce progression to ventilatory support (primary end-
point), it was associated with reduced 28-day and 60-day mortality compared to standard
care (8% vs. 13%, and 10% vs. 15%, respectively). Notably, incidence of thrombotic events
was similar between the groups and could suggest baricitinib did not impact coagulation
either mechanistically or by virtue of timing in disease stage [192].

5.4. Pharmacotherapy Targeting Coagulopathy

Coagulopathy and ensuing thrombotic events are a frequent and deadly aspect of
COVID-19 pathophysiology. Empirical use of anti-coagulant and anti-platelet agents has
thus become an important tool in patient care, although an optimal strategy has not yet
been clearly defined [178]. Several studies have explored various antithrombotic agents
in COVID-19, including anti-platelet agents, heparin-based anticoagulants, and direct
oral anticoagulants.

Anti-platelet therapy reduces the activation and aggregation of platelets by antagoniz-
ing the P2Y1; receptor (i.e., P2Yj, inhibitors, e.g., clopidogrel) or inhibiting thromboxane
A2 synthesis (i.e., aspirin) [193]. However, anti-platelet agents have generally been found
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to be ineffective across all severities of disease and were associated with increased bleeding
risk in critically ill patients [178]. Considering this, it may be possible that platelets play a
simultaneously pathological and homeostatic role in COVID-19. On the one hand, platelet
activation leading to aggregation with immune cells could contribute to the development
of capillary microthrombi-reduced perfusion. On the other hand, platelet aggregation may
be beneficial in preventing hemorrhage through the damaged endothelium in COVID-19.
Experimental approaches aimed at selectively blocking the former pathway could therefore
be of interest.

Anticoagulant use has demonstrated some benefits in the management of COVID-19
patients. Heparin-based anticoagulants (e.g., unfractionated heparin, dalteparin) reduce
clot formation by indirectly inhibiting the formation of factor Xa and thrombin via an-
tithrombin III, whereas direct oral anticoagulants (e.g., rivaroxaban) directly inhibit factor
Xa [194]. Thromboprophylaxis with anticoagulants has been recommended for hospitalized
patients with moderate or severe COVID-19, and specifically, heparin-based anticoagulants
are recommended in the latter. In patients with moderate illness, therapeutic dosing has
demonstrated benefits in two large-scale clinical trials. However, no benefit was shown
in critically ill patients, and potential for harm was indicated due to increased bleed-
ing rates [178]. Conceptually, these findings could suggest differences in microvascular
dysfunction depending on disease severity or stage. Current evidence and guidelines
suggest that antithrombotic therapy in COVID-19 patients should not diverge significantly
from non-COVID-19 patients [175]. Furthermore, these data emphasize the importance of
balancing the use of antithrombotic agents with limiting the risk of bleeding.

5.5. Emerging Pharmacotherapeutic Strategies

The ongoing impact of COVID-19 combined with a deeper understanding of its disease
mechanisms continues to fuel exploration of novel therapeutic opportunities. Prominent
among these is the discovery of druggable targets in the SARS-CoV-2 replication cycle.
Inhibition of viral binding has been achieved in vitro and in vivo with various approaches
including S protein-targeted nanobodies and inhibitors of serine proteases (i.e., TMPRSS2)
required for S protein priming [195-198]. A range of inhibitors of viral enzymes including
small molecules, bismuth-containing compounds, and small interfering RNAs have shown
promising effects in vitro [199-201]. Additionally, blockade of virus-induced apoptotic
signals was effective in reducing viral load and lung injury in a humanized mouse model
of SARS-CoV-2 infection [202]. Which, if any, of these strategies will advance beyond
the pre-clinical stage remains to be determined. While a significant portion of research
in immunomodulatory therapy for COVID-19 has focused on suppressing inflammatory
responses, promoting antiviral responses remains an interesting approach. Induction of
IEN responses was efficacious in a humanized mouse model of COVID-19 [203]. Moreover,
patients receiving nebulized IFN-I have shown improvements in viral clearance and speed
of recovery [204,205]. Given the crucial role of the early IFN response against SARS-CoV-
2, further research ought to elucidate the full therapeutic potential of IFN induction in
COVID-19.

6. Conclusions and Future Perspectives

This comprehensive review sought to examine the degree to which COVID-19 lung
injury differs from other etiologies. Several key themes were described with implications
for therapeutic development. First, through complex interactions between SARS-CoV-2,
IEN-I/III production, and inflammasome activation, the early innate immune response
plays a highly crucial role in the outcome of COVID-19. Modulation of this phase through
appropriate antiviral and immunomodulatory therapy is undoubtedly key to improving
clinical outcomes. Second, COVID-19 is differentiated from other etiologies of ALI by a
high degree of endothelial activation and coagulation in the pulmonary microvasculature,
which impairs perfusion and contributes to profound hypoxemia. This hypercoagulable
state further complicates clinical management and warrants investigation of more effective
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and reliable anticoagulant therapies. Third, COVID-19 lung injury presents with significant
hypoxemia and appears to evolve from high compliance to low compliance respiratory
mechanics due to increasing alveolar edema. This unique clinical progression may necessi-
tate careful monitoring of moderately-to-severely ill patients with COVID-19 to improve
precision therapy.
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