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Acute respiratory distress syndrome (ARDS) is a condition of acute respiratory failure resulting from non-
cardiogenic pulmonary edema. It may occur as a consequence of lung infection, sepsis, trauma, aspiration
or drug reaction. The pathogenesis of ARDS is understood to be an unregulated inflammatory cascade
with both endothelial and epithelial layer damage leading to alveolar fluid collection and pulmonary
edema. Despite improved understanding of the cause of ARDS, treatment remains supportive with a mor-
tality rate ranging from 25-40%. Preclinical and early phase clinical trials have highlighted the poten-
tial role of mesenchymal stem cells in combating the inflammatory cascade through immunomodulatory
mechanisms and assisting in tissue repair.

Lay abstract: Acute respiratory distress syndrome (ARDS) is a condition of sudden respiratory failure due to
fluid in the lungs as a consequence of factors such as trauma and bacterial or viral lung infections. ARDS
is understood to occur as a result of uncontrolled inflammation. Conventional treatment is supportive
only with ARDS having a high death rate of up to 40%. Evidence from both preclinical and clinical trials
highlight the potential role of mesenchymal stem cells in combating the inflammatory reactions that cause
ARDS as this therapy both modifies the immune response and provides assistance with tissue repair.
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Acute respiratory distress syndrome (ARDS) is a syndrome of acute respiratory failure resulting from acute and
diffuse inflammatory lung injury leading to noncardiogenic pulmonary edema. Its development is commonly
associated with bacterial and viral pneumonia though may also be a consequence of sepsis, severe trauma, aspiration
and drug reactions [1,2]. Mortality of ARDS ranges from 25 to 40% with treatment primarily involving supportive
care [3,4].

Pathogenesis

The pathogenesis of ARDS is characterized by an unregulated inflammatory cascade with increased lung endothelial
and epithelial permeability. Cell injury-associated endogenous molecules and microbial products are seen to bind to
receptors on both epithelial cells and alveolar macrophages activating an immune response. Resultant unrestrained
generation of reactive oxygen species, leukocyte proteases, chemokines and inflammatory cytokines results in
progressive lung injury. This immune mediated response has been denoted as a ‘cytokine storm’ [5]. In effect it is
the unregulated and excessive immune reaction that contributes to alveolar injury leading to the resultant serious
and life-threatening clinical complications of ARDS [6,7].

In addition to the unrestrained excessive inflammation associated with ARDS, it is an observed endothelial and
epithelial layer damage and a resultant increased cell lining permeability that results in alveolar fluid collection and
pulmonary edema. Disruption of the endothelial cell layer, in particular the vascular endothelial cadherin bonds,
leads to the leakage of water, solutes, leukocytes, platelets and inflammatory molecules into the alveolar space with
reduction/failure of alveolar fluid clearance and subsequent pulmonary edema [s).
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Importantly, it appears environmental factors also contribute to a risk of ARDS development and the severity
of complications. Active and passive cigarette smoking, chronic alcohol use and obesity have been found to be
associated with both development of ARDS and a poor outcome [9-12].

The successful treatment and eventual resolution of ARDS requires repair of endothelial and epithelial barriers
with resultant effective alveolar fluid clearance and removal of inflammatory cells and cytokines from air spaces and
lung parenchyma.

Potential role of mesenchymal stem cells

Both preclinical trials and early Phase I/1I clinical trials have supported the potential benefit of mesenchymal stem
cell (MSC) therapy in the treatment of ARDS. MSCs are a heterogenous cell population first characterized by Dr
Alexander Friedenstein and recognized to display plasticity and multipotency. They are found in numerous tissues
including bone marrow, adipose tissue, skeletal muscle and peripheral and cord blood.

While initial focus on MSC therapy has been on their ability to differentiate along a mesodermal lineage
it is now understood that their primary mechanism of action is through both paracrine mechanisms and cell-
cell interaction [13]. MSCs are observed to suppress inflammatory T-cell proliferation and inhibit maturation of
monocytes and myeloid dendritic cells resulting in an immunomodulatory and anti-inflammatory effect. Along
with their immunomodulatory and differentiation potential, MSCs have been shown to express essential anti-
inflammartory cytokines such as IL-1RA, IL-8 and IL-10 and an array of bioactive molecules that stimulate local
tissue repair [14-16].

MSC:s for allogeneic application are able to be sourced from various donor tissues. While bone marrow has
commonly been used as a source of MSCs it has a relative paucity of MSCs with the MSC population comprising
only 0.001-0.02% of the mononucleated cells isolated from bone marrow aspirate [17,18]. In contrast, human
adipose tissue yields MSC numbers of 1-10% of the nucleated cell population [19]. In addition, adipose derived
MSCs have been shown to retain their stemness (i.e. ability to self renew and differentiate), multipotency and
their inherent immunomodulatory properties following long-term passaging making them an attractive option for
allogeneic use [20-23]. Similarly, human umbilical cord perivascular cells are another source of MSCs and express
significant promise with retention of MSC properties over extended 77 vitro expansion/culture [24].

Safety of MSC therapy

Meta-analysis of trials involving a total of over 1000 participants receiving intravascular MSC therapy for various
clinical conditions including ischemic heart disease, graft versus host disease, ischemic stroke, Crohn’s disease and
cardiomyopathy, with follow-up up to 92 months, has indicated no significant adverse events other than transient
fever [25]. No serious adverse events including death or malignancy were observed.

Preclinical research

Preclinical research in animals with induced lung injury have indicated the potential of MSC therapy to reduce
mortality, reduce inflammation and limit lung injury (26,27). Ortiz and colleagues described the inhibition of
bleomycin induced inflammation and fibrosis in the lungs of mice through the application of MSCs [26]. They
noted that the bleomycin induced increase in TNF-at and IL-1 to be inhibited by the expression of MSC derived
IL-1RA and the additional inhibition of TNF-a production by activated macrophages. Using intrapulmonary
delivery of MSCs in a mice model, Gupta and colleagues were able to show effective attenuation of endotoxin
induced acute lung injury [27]. A reduction in broncho-alveolar lavage protein (a measure of endothelial and
epithelial permeability) and excess lung water (a measure of pulmonary edema) in MSC treated mice indicated
effective reparative benefit following MSC application. In addition reduced expression of inflammatory cytokines
and increased expression of anti-inflammatory cytokines in both broncho-alveolar washings and blood plasma
samples were observed.

In a preclinical ex vivo analysis of human lung parenchyma exposed to high-dose intra-alveolar endotoxin,
allogeneic human MSC therapy has been shown to markedly reduce lung edema and restore native lung endothelial
and epithelial permeability [28]. The same trial noted similar benefit with the use of the MSC conditioned media
(CM) suggesting a paracrine effect through both cytokines and exosomal/extracellular vesicle (EV) expression. The
release of KGF by MSCs (and also found in CM) has been postulated to play a significant role in repair and injury

reduction.
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MSC:s have further been seen to transfer mitochondria to injured alveolar epithelium with observed restoration of
normal ATP levels and subsequent reduction in protein leak and improvement of surfactant secretion [29]. Transfer
was observed by cell—cell interaction with MSCs directly attaching to alveolar epithelium by forming gap junctional
channels with the release of mitochondria containing microvesicles that were engulfed by the epithelial cells.

In addition to these mechanisms, MSCs have been noted to have an antimicrobial role and thus, perhaps having
benefit in combating primary or secondary lung infections [30]. Preclinical trials have shown MSCs to release LL-37,
an antimicrobial peptide, which enhances monocyte microbial phagocytosis, thus exerting an antimicrobial effect
and stimulating bacterial clearance [31,32).

In a xenograft preclinical trial assessing the safety and efficacy of human MSCs in the treatment of sheep with
induced ARDS, MSC therapy via intravenous infusion resulted in both significant improvement in hypoxemia
and reduced pulmonary edema. In a randomized controlled protocol with low- and high-dose treatment cohorts
(5 x 10° vs 10 x 10° MSCs/kg, respectively), the cohort receiving high-dose MSC therapy showed greatest
efficacy. No adverse effects from MSC therapy on systemic blood pressure, pulmonary arterial pressure, pulmonary
vascular resistance and renal function were observed [33].

Benefits such as those observed by Lee and colleagues in the application of MSC or MSC CM in ex vivo
analysis of acute lung injury have seen the preclinical exploration of MSC derived EVs as a potential therapy. In an
induced ARDS mouse model, Zhu and colleagues studied the benefits of bone marrow-derived MSC EVs against
the effect of MSC therapy alone [34]. Reduced lung inflammation and reduced pulmonary edema were observed
equally in both groups. In addition to this, EVs have been shown to transfer functional mitochondria to lung
epithelial cells similar to that observed in other preclinical MSC trials, resulting in improved ATP production and
cell function [29,35].

Clinical research

Wilson and colleagues have published the results of a clinical Phase I dose-escalation trial on the use of MSCs for the
treatment of ARDS. Participants were separated into three dose-dependent cohorts receiving 1 x 106, 5 x 10° and
10 x 10° MSCs/kg, respectively. This early-phase safety trial showed that a single intravenous infusion of allogeneic
human MSCs was well tolerated with no MSC related adverse events recorded [36]. An additional early-phase trial
by Zheng and colleagues assessing the use of allogeneic adipose-derived MSC therapy at a dose of 1 x 10® MSCs/kg
noted that the treatment was safe with no serious adverse events. Serum surfactant protein (a biomarker of lung
injury) was significantly lower in the treatment group at day 5 though there was no observed difference in length
of hospital stay, ventilator-free days and Intensive Care Unit (ICU) free days at day 28 between the control or
treatment groups [37].

In an open label Phase I/11 study assessing the benefit of allogeneic bone marrow derived multipotent progenitor
cells in the treatment of ARDS, a lowering of 28-day mortality and an increase in both ventilator free and ICU free
days was observed [38]. Participants in the treatment cohort received 900 million cells. Treatment was well tolerated
with no serious adverse events reported.

The successful use of allogeneic MSC therapy in Influenza induced ARDS has been recently documented with
an open-label controlled trial showing significantly lower mortality in the treatment group (17.6%) to the control
group (54.5%) [39]. Participants in the treatment group received a dose of 1 x 10° MSCs/kg with up to four
infusions. MSC infusions were well tolerated.

Most recently, Leng and colleagues have shown the clinical safety and efficacy of MSC therapy in the treatment of
respiratory distress associated with novel coronavirus disease. In this limited pilot trial, ten patients with confirmed
COVID-19 infection who had not improved with conventional supportive therapy were enrolled. Post infusion of
MSC therapy, participants showed clinical improvement within 2—4 days with resolution of fever and improved
oxygen saturation. In the most severely ill patient, C-reactive protein (CRP) was shown to improve from 105.5
to 10.1 g/l after 2 weeks with other biochemical markers of organ impairment improving to normal limits within
2—4 days. This limited trial indicated the potential role in MSC therapy in both the treatment of viral pneumonia
and secondary ARDS [4o).

Discussion

ARDS is a condition of acute respiratory failure and associated with a high mortality rate. Current treatments
are limited and are primarily supportive. An understanding of the disease pathology involving an unchecked
inflammatory cascade and tissue endothelial/epithelial breakdown has led to the investigation of new therapies.
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MSCs express both immunomodulatory and reparative pathways with both preclinical and initial early-phase
clinical trial evidence suggestive of potential therapeutic benefit.

While preclinical trials have shown reproducible benefit from MSC therapy it is important to recognize that mode
of delivery (intrapulmonary vs intravenous infusion) differs considerably in these trials. Importantly, preclinical
assessment of the biodistribution of MSCs after intravascular infusion has shown predominant localization to the
lung (41]. In addition to this, other organs that MSCs are observed to localize to, including the liver, heart and
brain, indicate potential additional benefit in management of multiple organ failure which may be associated with
ARDS.

In addition to differing modes of application, dosing is inconsistent among animal trials and 7z vitro or ex
vivo trials do not indicate an appropriate clinical therapeutic dose range. Interestingly, in a preclinical dosing
trial assessing the efficacy of MSC therapy in ventilator induced lung injury, Hayes and colleagues demonstrated
observed comparable benefits in doses of 2 x 10° MSCs/kg and above (42]. This suggests a dose/response threshold
with perhaps limited or no benefit beyond this.

The inconsistency with MSC dosing is also seen in clinical trials with participants receiving a dose range of
between 1 and 10 x 10° MSCs/kg and with another single study giving all participants a total of 900 million
cells. In addition to this there is consideration to the potential role of multiple infusions with Chen and colleagues
showing reproducible benefit and reduced mortality in influenza associated ARDS following multiple infusions of
MSC therapy [39].

Despite systematic review of trials involving a total of over 1000 participants receiving intravascular MSC
therapy indicating safety with no observed MSC related serious adverse events there remains concern regarding
MSC therapy and potential of MSCs to migrate to a site of cancer and promote tumor growth [43]. In contrast,
MSC:s have also been shown to inhibit growth of some tumors [44,45]. This highlights the importance of structured
trials with clear inclusion and exclusion criteria to ensure the appropriate and safe development of MSC therapies.

Conclusion

Despite improvement in our understanding of the disease pathology of ARDS, it continues to have limited treatment
options and poor outcome with a high fatality rate. Preclinical trials assessing MSC therapy have shown promise with
observed improvement in biomarkers of inflammation, acute lung injury and improved lung function indicating an
anti-inflammatory and reparative process. Early-phase clinical trials have shown safety in the intravenous application
of MSC therapy for ARDS with some trials showing initial efficacy indicated by improved ventilator and ICU
free days and reduced mortality. MSC therapy represents a promising breakthrough in the active management of a
condition, which until now has had limited treatment options.

Future perspective

As our understanding of the pathology of various diseases improves, regenerative medicine represents an important
pathway in future treatment modalities. While many cellular therapies already form part of accepted medical
practice (i.e., bone marrow and tissue transplantation), MSCs — with their observed immunomodulatory and
reparative mechanisms, hold significant promise. While ongoing research needs to be promoted, initial results in
areas with otherwise limited treatment options — including ARDS — are both encouraging and exciting.

Executive summary

e Acute respiratory distress syndrome (ARDS) is a condition of acute respiratory failure resulting from
noncardiogenic pulmonary edema.

e The pathogenesis of ARDS is understood to be an unregulated inflammatory cascade with both endothelial and

epithelial layer damage leading to alveolar fluid collection and pulmonary edema.

Treatment of ARDS primarily involves supportive care.

Mortality of ARDS ranges from 25 to 40%.

Mesenchymal stem cells (MSCs) exert their effect through both immunomodulatory and reparative pathways.

Preclinical trials have indicated the potential of MSC therapy to reduce mortality, reduce inflammation and limit

lung injury.

e Early clinical trials have shown safety in MSC administration for ARDS with promising initial outcome results
indicating reduction in inflammatory markers, improvement in lung function and reduced mortality.

e Further, well-controlled research is needed to determine the most effective dose and frequency of MSC therapy in
ARDS.
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