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Abstract

Acute respiratory distress syndrome (ARDS) is a devastating critical illness that holds the
highest cost of any acute care condition in Canada. In ARDS, a localized inflammatory response
caused by lungnifectionor injury leads tovasculardamage and migration of inflammatory cells
into the airways resulting in impaired gas exchange and respiratory failure. Despite decades of
research, there are no curative therapies for this dauatuiglung condition Animal studies
have demonstrated a potential for mesenchystraimalcells (MSCs) to reduce inflammation,
promote tissue regeneration and improve survivahdote lung injury (ALI, the preclinical
correlate of ARDS)In particular, a growing body of elence suggests that MSCs elicit their
protective effects in large part by secretion of small membbbaned particles known as
Afextracellular vesicleso. These vesicles carr
processes including prograrechcell death, proliferation and inflammation. Hence, Mi&@ved
extracellular vesicles (MSEVs) may have advantages as a safethaffshelf, celifree immune
modulatory therapyHowever, the optimal approach for isolating and administering 48€
haveyet to be established within this new field of regenerative medi€meaims of this project
wereto: (1) evaluate the current preclinical evidence on methodology and efficacy cEMSC
(2) determinethe effectivenesof MSC-EVs for ALI and other pulmanary diseases in animal
models, and (3) explore the kinetics and biodistribution of NEMS during healthy and disease
state as a prerequisite to designing optimal therapeutic strategies. By combining botmuditzscal
research methodology and basic sceetechniqued hopel to create a comprehensive evidence
mapof mechanistic insights antle therapeutibenefits of MSCEVs.

Importantly, ARDS is recognized as the main cause of mortality for patients with COVID

19. In response to the SARRV2 pandemiand restrictions placed on routine, P6OVID



related lab workan additional objective for my Phibcused o developing a novel, more
accessible mouse model of COMD associated ARDS. A SARSoV2 fpsewadoVvi r us
created to enable its use in a less stringent Containment Level 2 lab settingesBalaéion
experiments in michelpeddetermine the optimal dose that produdaically-relevantCOVID-

19 ARDS pathology. Moreover, the specificity of our pseudovirdmitoan ACE2 receptorsas

tested using preclinical models. If successful, this model will allow researchers worldwide to study

key mechanisms in COVH29 pathophysiology and investigate novel vaccines or therapies to

combat this global pandemic.
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1.1 Acute Respiratory Distress Syndrane

It has been over fifty years since Dr. David Ashbaugh published the first description of the
life-threatening illness known as acute respiratory distress syndrome (ARD@)ve patients
were admitted to the intensive care unit (ICU) for management of respiratory distress caused by a
variety of precipitating factors such as trauma, viral pneumonia or acute pancreatitis. Despite
unrelated physical and/or biochemical aetiologiat patients exhibited remarkably similar
clinical presentations of lung injury including severe dyspnea, tachypnea and hypoxemia
necessitating mechanical ventilation. Moreover, a loss of lung compliance was consistently
observed between patients. On stheray, diffuse alveolar infiltrates and lung consolidation
indicative of pulmonary edema was confirmed. Histological analysis identified the presence of
hyaline membranes in nearly all patients, which is considered a hallmark finding for ARDS to this
day. Despite decades since this initial depiction by Dr. Ashbaugh, many of the central
characteristics that were described remain fundamental to our current understanding of ARDS.
In 2012, the ARDS Definition Task Force coined the Berlin Definition as afse¢w
diagnostic criteria for ARDS based on the most current epidemiological, physiological and clinical
trial data? From the Berlin Definition ARDS can be categorized intoreelevels of severity
depending on degree of hypoxemia (arterial partial pressure of oXiPa€R2)to fraction of
inspired oxygertFiO2), P/F ratio): (1) mild (P/F ratio of 20300 mmHg), (2) moderate (P/F ratio
of 101i 200 mnHg ) , and (3) sever e ?l|q Bddiffon, this tcdnditionGs 1 0 0
characterized byhree supplementary clinical featurésiagng (bilateral infiltratesconsistent
with pulmonary edemajiming (acuteonset of less thandays from insult), anadrigin (not caused
by cardiac failure or volume overload). Due to the complexity in ARDS pathophysiology,

additional nordiagnostic parameters that may support a diagnosis of ARDS include testing for
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pulmonary compliance or biomarkers like plasma angiopoiefor 8ung vascular permeability

and cytokines (interleuki6 (IL-6), IL-1 b , -8) &slinflammatory indicatofs

1.2 Epidemiology of ARDS

A prospective cohort study of 21 hospitals in King County, Washington was conducted
between 1992000 to estimate epidemiology data for ARDSheir findings suggested an
incidence of nearly 200,000 ARDS cases per year in the United States, which was assitbiated
3.6 million hospital days and a mortality rate of 40%lore recently, the.arge Observational
Study to Understand the Global Impact of Severe Acute Respiratory FailllG(ISAFE)was
conducted as a S€buntry multicenter trial, enrolling 29,144 ICU patiehtSUNG SAFE found
that 3022 patients (10.4%) fulfilled ARDS criteria, and 23% of patients required mechanical
ventilation. Mortality rates varied dependion severity of hypoxemia (35% for mild ARDS (95%

Cl, 31-38%), 40% for moderate ARDS (95% CI,-88%), and 46.1% for patients with severe
ARDS (95% CI, 4250%)). Nonetheless, there is a high risk for death in patients diagnosed with
any degree of ARDS whwide.

There are limitations to epidemiologic studies of ARDS that are worth considering. First,
ARDS remains underdiagnosed and undertreated glcbddgspite international efforts to
standardize diagnasi(e.g. the Berlin Definition), the LUNG SAFE study found that physician
recognition of ARDS is only 51% in patients presenting with mild ARDS, and 79% in those with
severe ARDS.Among patients that were correctly admitted for ARDS, mora tiree third of
patients did not receive optimal tidal volume during protective mechanical ventflaiossible
explanations for these underestimates include inaccuracy in coding of diagnoses, incomplete data

to diagnose ARDS prior to deaimd most importantly, absence of any specific diagnostic test for
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ARDS due to the wide range of cau$dsoreover, the Berlin criteria is complieat by two issues:

(1) Chest radiographs are crucial to attribute edema to pulmonary causes, but interpretation is
subjective and unreliable; and (2) assessment of hypoxemia depends on treatment status and time
of measuremerit.For example, patients who are already on positive-expiitory pressure

(PEEP) and oxygen therapy may no longer present with P/F ratios that correspond to an ARDS

diagnosis.

1.3 Causes and Risk Factas of ARDS

Bacterial and viral pneumonia are the most prevalent causes of AFm8her common
inciting factors include pulmonary aspiration, sepsis due terespiratory causes, and major
trauma (e.g. blunt force or penetrating lung injury, severe burns). Althouglqueint, ARDS can
also be elicited by transfusion of blood products, inhalation of noxious substances, acute
pancreatitis, or drug overdo$eThere is ongoing research attempting to identify environmental
exposures, genetic factors and comorbidities associated with increased susceptibility for ARDS.
Chronic alcohol abus¥, cigarette smoking® high body mass inde%*® and environmental
pollutants**°have all been daeronstrated to be independently associated with the development of
ARDS.

Despite efforts with genom@ide association studies, no genetic loci have been identified,
in part due to the disparate causes of ARDS. However, there are candidate genes that may influence
the progression and outcomes in patients with ARDS by encodinignfimrtant proteins that
regulate pulmonary inflammation (e.g.-110, 1L-6), vascular function (e.g. vascular endothelial
growth factor), coagulation (e.g. protein fglasminogen activator inhibitor )land alveolar

capillary barrier (e.g. angiopoietin £J:16In association studies investigating ethnic differences in



ARDS outcomes, African American and Hispanic patients have been found to have a significantly
elevated risk for mortality as compared to Caucasiatfsyhich may be attributed to a greater
severity of illness on initial presentatibhHowever, this finding is inconsistent as separate studies
have reportedower incidences of ARDS in African American patiefftd.ccordingly, conflicting
findings also exist regarding sex differences for ARDS related mortality as data from the LUNG
SAFE study suggests femalemve a higher risk of deathwhereas other reports found mortality

to be elevated for male pets®®Unfortunately, a physiological mechanism to explain ethnic

and sexdisparitieshas yet to be discovered.

1.4 Pathophysiology of ARDS

Alveoli in healthy lungs facilitate the removal of carbon dioxide and uptake of oxygen from
the blood, allowing for delivery of oxygen to all tissues in the body. This gas exchange occurs
across lie alveolarcapillary barrier that is defined by a single layer of endothelial cells, a thin
layer of interstitial space, and the epithelial layer within the alveoli. Alveolar septa consist of
basement membrane, collagen and elastic fibers that sepgaatnadlveoli. There are three main
cells that makeup the inner alveolar lining: (1) type | pneumocytes that are thin and flat, forming
the main alveolar structure, (2) type Il pneumocytes that secrete pulmonary surfactant to reduce
surface tension and grent lung collapse, as well as differentiate into type | pneumocytes in the
setting of lung injury, and (3) alveolar macrophages which serve as immune cells targeting foreign
substances and pathogens by phagocytosis.

During ARDS, a localized inflammatoryresponse, accumulation of leukocytes and
platelets,dysregulateccoagulation, and hyperpermeability caused by respiratory insult leads to

impaired gas exchand€igure 1.1).223 There are three distinct phases of disease progression.

6



The initial exudative phaseommences within the first 24 hours after pulmonary injury and is
characterized by diffuse alveolar damég®.Alveolar macrophages respond to pathegen
associated molecular patterns (e.g. lipopolysaccharides, which are bacterial endotoxins found on
gramnegative bacteria) or damagesociated molecular patterns (e.g. endogenous signals of
tissue injury) through pattern recognition receptors. Activation of signaling cascades polarize
macrophages to a pioflammatory phenotype releasing a myriad of inflammatory mediators (e.g.
IL-6,IL-1 b, tumor necrosi s f act @rcheindkiNeHigand 24QCH2))c h e mo
that recruit innate immune cells. Circulating neutrophils and monocytes extravasate from systemic
circulation to the site of lung injury. The concerted inflammatoryaese results in further insult

to the integrity of the alveolarapillary barrier, promoting interstitial and intaéeolar
accumulation of protetnich fluid, inflammatory cells, and red blood cgfsgure 1.1). In parallel,
microvascular injury and endothelial activation results in secretion of tissue factor to trigger
excessive coagulation, platelet aggregation and thrombi formation. The exudative phase leads to

compromised gas exchange and ultimately indhggsxemia during ARDS.
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Figure 1.1. Pathophysiology of ARDS.

Comparison of healthy lung alveolus to the exudative phase of ARDS. During the exudative phase,
inflammation in response to lung injury resultsrecruitment of neutrophils and activation of
pulmonary macrophages. Subsequent production efnfleonmatory cytokines contributes to
disruption of the alveolacapillary membrane barrier and reduces gas exchange. Moreover,
endothelial injury causes dggulated coagulation and microthrombi formation. Image adapted

from Thompsoret al.(2017)1°




The secongbroliferative phasef ARDS ensues-14 days after the initial lung injury and
is essential to patient recoveéfyAs the name entails, this stage is characterized by extensive
proliferation and restructuring of cells within the damaged alveoli. Type Il pneumocytes
differentiate into type | pneumocytes to nefothe epithelial layer along the denuded basement
membrane. Enhanced expression of ion channels and aquaporins allow for removal of intra
alveolar fluid to reduce pulmonary edef@&ndothelial progenitor cells promote repair of the
endothelial barrier to restablish gas exchandeClinically, patients may begin to exhibitgsis
of improvement with a reduced need for supportive care.

The finalfibrotic phaseof ARDS may occur in some patients and is characterized by the
obliteration of normal pulmonary architectdfdf the alveolar basement membrane is severely
injured, adequate repair and rageation may not be feasible. Instead, extensive proliferation of
fibroblasts and myofibroblasts result in fibrotic lung tissue. Of note, ventdeaociated lung
injury can contribute to this fibrogenic respoR$Eurthermore, patients that do progress into the

fibrotic phase are associated with reduced ventiaéar days and increased mortafty.

1.5Management of ARDS

Despite decades of research, treatment of ARDS is limited to supportive tlaraowi
effective specific therapyptimal management requires early diagnosis, determining and treating
the inciting cause, providing adequate respiratepport, and maintaining a balance of
fluid/nutritional intake. Understanding the pathophysiologyA&®DS has also allowed us to
measure select biomarkers as a supplemental evaluation of disease severity. These include markers
of epithelial injury (surfactant protein D, club cell protein 16), lung vascular permeability (von

Willebrand factor, angiopoieti), dysregulated inflammation (&, IL-8 , TNFO) , and ac



coagulation (protein C, plasminogen activator inhibitof Based onsecondary analyses of
clinical trials it has been proposed that patiemtish ARDS can be classified into hyper
inflammatory or hypanflammatory responders based on levels of plasma biomarideish has

potential toguide differential treatment approaches and predict clinical outc&ies.

1.5.1Mechanical Ventilation

Lung-protective mechanical ventilation is foundational to treating patients with ARDS.
Historically, mechanical ventilation was conducted using high tidal volumes and elevated plateau
pressures® However, preclinicain vivostudies and clinical trials found that excessive mechanical
stress from elevated tidal volumes and pressifueher exacerbates pulmonary inflammation,
resulting in ventilatomssociated lung injury®? A landmark trial published in 2000 demonstrated
that reducing tidal volumes during mechanical ventilation results in significant improvements to
survival, increases ventilatbree days, attenuates plasma@Lconcentration and accelerates
patient recovery®® Since then, controlled ventilation with a tidal volurag4i 8 mL/kg and
i nspiratory pr®save beersendorsed idternatianally for the treatment of
ARDS3* A PEEP of 520 cmH20 is currently recommended to improve alveolar recruitment and
minimize the cyclical openingnd collapse of distal alvedi®>® Importantly, maintaining high

PEEP may increase the chance of survival for patients with moderate to severéd’&RDS.

1.5.2Prone Positioning

In supine position, the lungs are compressed by the heart and abdominal organs, which
inhibits full expansion and increases the risk for atelectasiisthe prone position, redistribution
of the blood and air flow enables homogenous lung inflation to improve blood oxygefidtion.
With less support required from mechanical ventilation, the incidence of venréikgociated lung

injury is attenuated. In the PROSE\¢hnical trial, prone positioning of patients with moderate to
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severe ARDS for at least 16 hours dramatically reduced mortalitgnce, prolonged prone

positioning is now recommended within international guidelines for treating AR#S.

1.5.3Pharmacological Therapies

Although our physiological understanding of ARDS has progressed significantly over the
last 50 years, there are still no pharmacological therapies with proven survival benefits.
Theoretically, the anihflammatory effects of glumcorticoids can reduce lung vascular
permeability and injury. However, a multicenter trial of methylprednisolone found no
improvements to survival and, conversely, increased risk of death during ARBSeover,
glucocorticoids have also been@sated with hypernatremia, hyperglycemia and neuromuscular
weakness, which are crucial considerations prior to its use in pafients.

Patientventilator asynchrony occurs when there is spontaneous breathing during
mechanical ventilation. In this scenario, patients may suffer @ychic atelectasis and shearing
damage to the lung parenchyfm@edatives and neuromuscular blockade can prevent mechanical
injury by inducing paralysis. However, findings from clinical trials have beenicongl and no
strong recommendations exist on neuromuscular blockade use for ARDS.

Other pharmacologic th@pies have also been investigated but a paucity of robust evidence
prevents their definitive recommendation. Inhaled nitric oxide and prostaglandins enable
pulmonary vasodilation that can briefly improve blood oxygendfféhA fluid-conservative
approach has been suggested to reduce pulmonary edema, attenuate the need for mechanical
ventilation and improve overall pulmonary functirBut similar to other therapieap survival
benefit from either approach is observed. OveraNehinterventionghat can resolve the severe

inflammationduring ARDS is of critical importance to improve outcomes fiois vulnerable
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patient population Testing of new therapies in relevant preclinical animal models can help

elucidate the most promising treatments for clinical translation.

1.6 Experimental Models of ARDS

Animal models of acute lung injury (ALI, the predtial correlate of ARDS) enable
researchers to cultivate new mechanistic insights on the pathophysiology of ARDS, as well as test
hypotheses generated from cellular/molecular experiments. Novel interventions can be evaluated
for their therapeutic efficacyismall animal models prior to using larger animals that more closely
represent the clinical disease. Ideally, animal models of ALI should replicate the pathogenesis and
phenotypic findings that are observed in patients with ARDS. These features inaltelerset,
significant pulmonary inflammation, lung vascular hyperpermeability and diffuse alveolar
damage. Although no single method of disease induction can reproduce all these characteristics,
various animal models may offer advantages for specifitinget features of the diseaSedere,
| will focus on revewing the strengths and weaknesses on some of the more commonly utilized

preclinical models of ALI.

1.6.1Endotoxin-Induced ALI

Mechanism:Lipopolysaccharide (LPS) is a glycolipid endotoxin expressed on the outer
membrane of Gramegative bacteria. LPS bindipgoteins in plasma facilitate the interaction of
LPS to toll like receptor 4 (TLR4), which is highly expressed on immune “éeflabsequent
intracellular signaling activates the nuclear fackd3 (NF-kB) pathway and upregulates the
expression of multiple prmflammatory cytokines to induce inflammation and tissue inféiry.

LPS can be delivered intravenously or intratracheally to produce a model of ALI.
Intravenous injection produces a systemic response attributed to widespread binding of LPS to the

12



endotheliunf®*® Animals present with fever, leukopenia, intravascular coagulation, and
potentially multiorgan dysfunctiott:>?> As LPS reacts with the pulmonary vasculature, neutrophil
ertrapment results in microvascular injury; however, wahaeolar cell infiltration and changes to
the alveolar membrane barrier may be delayed as significant vascular injury must firét occur.

In models of intratracheal LPS, rapid binding of LPS to TLR4 on alveolar macrophages
and epithelial cells produce anude onset of lung injury. Notably, overwhelming neutrophils and
macrophages accumulate within the alveolar air space, generating high levelm@prmatory
cytokines within the bronchoalveolar lavage flefd® As well, intratracheal LPS produces an
earlier response in lung vascular hyperpermeability as caupao intravenous LPS.
Histologically, diffuse alveolar damage, thickening of the alveolar septum, pneumocyte
hyperplasia and occasional hyaline membranes can be obséMeesein vivo findings are
clinically relevant features that are commonly observed in patients with ARDS.

Disadvantages and ConsideratioWhether LPS is administered systemically or locally,
there are species differences in response to LPS that need to be cortéEaresample, rodents
lack pulmonary intravascular macrophages and redanger doses of LPS for ALI induction.
Manufacturing of LPS is another crucial consideration as specific endotoxin components (e.g. O
polysaccharide chain, lipid A, etc.) result in distinct responses to different afirfal?S
preparation may also be contaminated with bacterial materials that alter biological*&ffects.

SummaryOverall, LPSinduced ALl is one of the ost commonly used animal models of
lung injury. LPS allows for methodological simplicity, consistency and reproducibility. The injury
produced is a direct consequence of the ani

accurately reflects a centr@mponent of ARDS in humans. Choice in route of administration is
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dependent on the type of model desired. Intravenous LPS may result in a more systemic sepsis

like phenotype, whereas intratracheal LPS produces a more localized ALI response.

1.6.2ALI Induction by Bacterial Inoculation
Similar to LPS, orotracheal administration of live bacteria can be used as a model of ALI.
Delivery of bacteria can be achieved through an intratracheal catheter, surgical instillation or
aerosolization within a chambdtschericha coli, Streptococcus pneumonjsendPseudomonas
aeruginosaare some of the more commonly utilized bacteria for ALI inducticfhe selected
route of administration significantly influences infection response in animals. For example,
intratracheal instillation produces localized pneumonia, whereas housing rmarme aerosol
chamber enables widespread pulmonary infection in multiple mice simultan€oNsiyethelss,
delivery of live bacteria generates diffuse alveolitis, neutrophil accumulation into the airspace,
elevation of inflammatory markers, microvascular permeability and pulmonary éédema.
Disadvantages and Consideratiomstratracheal delivery enables a more precise infection
of the lower respiratory tract; however, general anesthesiaquired and consistency between
animals and experiments is user depentfefor aerosol administrath, no anesthesia is
necessary and less variability of infection may be observed between animals. Disadvantages
include the expensive equipment that require regular maintenance, as well as limitations to choice
of bacterial species as certain pathogens mal survive aerosolization or oxygen rich
environment$? Other salient considerations that can afftisease outcomes include choice of
bacteria, dose of inoculation and the immunoreactivity of the selected animal model.
SummaryALI by live bacteria inoculation can be utilized as a model of pneumonia, the

most common cause of ARDS in humans. The vditgain route of administration provides
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researchers with the ability to achieve local or diffuse lung infections. However, careful attention

to dosage regimen and bacterial species is needed to ensure adequate ALI induction.

1.6.3Ventilator -Induced ALI

Mechansm: It is now wellrecognized that patients on mechanical ventilation can suffer
from ventilatorassociated lung injury under high levels of tidal volume and plateau pressures.
Interestingly, this practice changing theory stemmed in part from findingslinanimal studies
that reported significant pulmonary damage due to ventilatoP'§$én this model, ALI &
produced from mechanical pressure and alveolar overdistéhtibne cellular response to
mechanical stimuli involves synthesis and secretion of inflammatory cytokines, resulting in
immune cell recruitment to the site of injl3f®> The shear force produced by ventilators and
excessive expansion of alveolar saasseaseparation of endothelial and epithelial cells from the
basement membrane, resulting in hyperpermeability and pulmonary &&ma.

A notable advantage in ventilatorduced ALI includes the versatility in producing
pulmonary damage in a relatively short period of time (<1 hour) or over longer durations (8+
hours) depending on the selected levels of tidal volume and airway pré<Sif@he severity in
ALI can also be adjusted whereby high tidal volumes result in more significant inflammation,
pulmonary hemorrhage, hyaline membrane formation and altered lung compliance.

Disadvantages and Consideratioi$he main disadvantader this model is the technical
challenges associated with setting tq@ mechanical ventilation system and optimizing the
approach forin vivo use, especially for small animal mod&sRequirements of continuous
anesthesia can lower body temperature, further contributing to respiratory failure. In addition,
vertilation duration does not accurately reflect the clinical scenario as patients may require assisted
respiration for days to weeks.
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Summary:The ventilatofinduced ALI exhibits characteristics that are similar to ARDS
including lung epithelial and endatal injury, alveolar edema, and marked inflammabiofihis
approach is clinically relevant as-induceglungy i s
injuryo); howevwerragt elhyi sr edporeesssenat i afiveedn t li U rag oir n |
occurs when mechanical ventilation augments respiratory injury after patients have been diagnosed
with ARDS from a separate inciting cad€édence, the most common aetiologies of ARDS such

as pneumonia, sepsis or trauma are not captured when utihsnmgadel of ALI.

1.6.4Assessing Preclinical Outcomes of ALI

After selecting amn vivomodel of ALI, researchers must assess preclinical outcomes that
are relevant to the pathogenesis of ARDS. Unfortunately, ARDS is primarily diagnosed by clinical
findings tha are difficultto replicate in a preclinical setting. For one, radiographic imaging on
small animals is expensive and not widely accessible. Physiological assessments of lung
compliance or hypoxemia are impractical due to inconsistencies in techniquendesired
consequences (e.g. ventilatiassociated lung injury, trauma from arterial blood collection,
reduced plasma volume for analysis). Hence, the American Thoracic Society organized an
international committee of scientists to synthesize guidelineth@most relevant features of
experimental ALP:

1) Histopathological Evidence of Lung Injury

Histological evidence of lung injury was determined to be the most clinically relevant
finding in animal models of ALI. Lung sections should be prepared from pagaffiredded
tissues andtained with hematoxylin and eosin for qualitative and quantitative evalGaom.
gross examination of sections, obvious discoloration and diffuse alveolar damageaf&ed
cellular infiltration, peumocyte hyperplasia, pulmonary hemorrhage, interstitial thickening,
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fibrosis) should be evidenfFigure 1.2). For quantitative assessment, a standardized scoring
system was created to mitigate variability between investig2tdgcroscopic fields should be
selected at random and evaluated in a blinded fashion to prevent bias. Five important histological
findings are scored using a thrgered system: (1) Intralveolar neutrophil accumulation, (2)
neutrophil infiltration into the pulmonary interstitium, (3) alveolar septal thickening, (4) hyaline
membrane formation, and (5) evidence of proteinaceous debris (e.qg. fibrin strands) within alveoli.
2) Lung Vascular Hyperpermeability

Damage to thalveolarcapillary barrier is central to the development of ARDS. During
the exudative phase, overwhelming inflammation causes microvascular injury and breakdown of
the epithelium tight junctions enabling exudation of pretah fluid. Hence, total prote
concentration in bronchoalveolar lavage fluid (BALF) is commonly measured to evaluate lung
vascular hyperpermeabiliyf.Alternatively, intravenous injection of Evans Blue can be used to
assess the deee of lung staining, an indicator of heightened permeabiliycruder appraisal of
permeability is doe by calculating the web-dry ratio of lungs (e.g. wet lungs are weighed, dried
in an incubator, and feeighed; large ratios are consistent with significant injury). Lastly,
intravenous injection of a labeled protein (e.g. radioactive or fluorestemhi) offers a precise

way to assess alveolar leakage by measuring their final concentration in®BALF.
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Figure 1.2. Histological images of ALI features.

(A) Intratracheal delivery of vehicle control (phosphate buffered saline) to wildtype mouse. (B)
Lipopolysaccharideinduced ALl in wildtype mouse with histological features including
significant cellular infiltration, pneumocyte hyperplasia, alveolar septal thickeniin&) (@ral

induced ALl in mice highlighting additional features of (C) pulmonary hemorrhage amakthso

(D) perivascular and peribronchiolar cellular infiltration, and (E) formation of hyaline membranes
(green arrows) and fibrin strands (blue arrow

3) Measures of Inflammatory Response
One can measure cellular or molecular inflammatoryglain the lungs to determine the
severity of ALIL. Given the large role of innate immunity during ALI progression, elevated
neutrophil count in BALF serves as a useful indicator for pulmonary inflammation. Cells can be

pelleted onto microscope slides wgia cytospin centrifug€:’2Percentage of neutrophils can be
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calculated by light microscopy and the total numbeneftrophils can be derived. Alternatively,
flow cytometry can also be used to quantify BALF neutrophils.

Myeloperoxidase is a glycoprotein readily expressed by activated neutrophils and can be
used as a surrogate marker for neutrophil cétfit.Moreover, heightened expression of
inflammatory cytokines (e.g. 6, IL-1 b ,-8 | LTNFU, TGFb and many mor €
severe lung inflammation and immune cell activation.

4) Physological Dysfunction

The American Thoracic Society guidelines suggest that hypoxemia and aladetaal
oxygen gradient are relevant outcomes in preclinical AlUnfortunately, these physiological
changes of ARDS in humans (e.g. ventilatperfusion mismatch, reduced lung compliance,
severe hypoxemia) are difficult to ass@ssvivo. Multiple factors unrelated to ALl can cause
extreme variability including animal stress, technician experiencecehafi equipment or
anesthetic, level of sedation and many others. The diagnostic criteria for P/F ratio and minute
ventilation have also not been standardized across animal species. Given these inconsistencies,
assessments of physiological dysfunction rem be minor outcomes foin vivo ALI.
Fortunately, investigators can be confident that a model of ALI was achieved if there is evidence

of pronounced histological lung injury, vascular hyperpermeability and pulmonary inflammation.

1.7 Severe Acute Respatory Syndrome Coronavirus 2 (SARSCoV2)

The outbreak of severe acute respiratory syndrome coronavirus 2 {S&¥RE has
greatly impaired the progress of A@®VID-19 scientific research around the world. However,
my thesisbé emphasi s e toraddARIpfemantlsobjectiva fodused on m

COVID-19 associated ARDS to hopefully help advance our understanding of this novel infection.
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From December 31, 2019 to January 3, 2020 in Wuhan, China, 44 patients were diagnosed with
pneumonia of unknown origi’® Four days later, investigators were able to isolate and identify the
new coronavirus now referred to as SAR8V2. On February 11, 2020, the World Health
Organization (WHO) officially named the @é@se caused by SARSV?2 infection as COVIBL9

(i.e. coronavirus disease 201790ne month later, COVIEL9 was declared a global pandemic.

Since the first reports of COVHDR9, a meteoric rise in global infections has ensued. As of
July 3, 2022 the coronavirus pandemic has resultechaéarly 550 million cases and oves.3
million deaths worldwidé’ SARSCoV2 is a member of the coronavirus family alongside two
other highly pathogenic viruses: (1) SARSV that also originated from China, which was
responsible for the 2003 SARS epidemic and (2) Middle East Respiratory Syndrome (MERS) CoV
first identified in Saudi Arabia resulting in the 2012 MERS outbrédhowever, SARSCoV2
has demonstrated greater infectivity due to the combmadf having highly active viral
replication in the upper respiratory tract, an earlier peak in viral load (e.g. within one week after
symptom onset, compared to-18 days for SARE oV or %-10 days for MERSCoV) and
prolonged viral sheddin&:? Moreover, the viral load in symptomatic and asymptomatic infected
individuals have been found to be similar, which are contributing factors to the efficient spread of
SARSCoV2.8 These characteristics of SAR®V?2 point to the importance of early detection
and expeditious isolation practices after findings of first symptoms.

The mode of transmissionf SARSCoV?2 includes respiratory droplets and generated
aerosols. There are three main mechanisms by which individuals can be exposed to the virus: (1)
Inhalation of respiratory or airborne particles with the greatest risk within six feet of an infectious
source, (2) deposition of viral particles onto mucous membranes including the eyes, mouth, or

nose, and (3) contact with contaminated surfaces (fomites) followed bgisteltbution of virus
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onto mucous membran&s® Given these various methods of viral spread, it is no surprise that
there has been global uptake of precautions including mask mandates, physical distancing,

shutdown of public spaces and international travel restrictions.

1.8 Clinical Features of COMVID-19

The median incubation period of SAR®V?2 infection is reported to be betweeb days,
with a range from 24 day<$™® Typical symptoms in the beginningages of SARSCoV2
infection present similarly to other viral pneumonia with fever, cough, shortness of breath, chills,
sore throat and myalgias. As COVI® became more prevalent, some unique extrapulmonary
features were discovered including conjunctiyitthemosensory changes (e.g. anosmia or
hyposmia, and hypogeusia, dysgeusia or ageusia), and gastrointestinal symptoms (e.g. diarrhea,
abdominal pain§*°° Patients with COVID19 can be categorized into mild, moderate, severe or
critical conditions$48° Mild or moderate illness (81% of patients) are accompanied by a broad
range of nonspecific symptoms with negative findings of pneumonia and hypdxipatients
with severe COVIBD19 (14% of those infected), the presence of tachypnea, dyspnea, hypoxemia
and/or radiological findings oespiratory infiltrates necessitates hospitalizaffoge is one of
the primary predictors of coplications as those 80 years or older have a mortality rate of 15%
compared to <1% for patients younger than 40 year$'dfdComorbidities including obesity,
cardiovascular disease, diabetes, chrorspiratory diseases, renal insufficiency and cancer have
all been suggested to augment the risk of developing severe GID3IO

Critical illness is seen in 5% of patients and is charaeriay potentially fatal
complications including ARDS, shock and multiorgan failure requiring ICU managéfriént.

ARDS remains to be the leading cause of death in patients with GO¥ &hd the median time
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from illness onset taliagnosis is 812 day$® The case fatality rate of patients lvitritical
COVID-19 is high at 4670%, highlighting its severity if left untreat&dEarly on in the pandemic,
studies indicated that COVHD9 associated ARDS may differ from classical ARDS as some
patients presented with severe hypoxemia despite normal pulmonary compliance. If proven true,
these concerns would havadcprofound implications on management of patients with critical
SARSCoV2 pulmonary infection&10*1%3 However, a prospective observational study
comparing COVIDB19 ARDS to classical ARDS found that typical functional and morphological
features of reduced compliance and increased lung weight were exhibited by both patient
populations'® Hence, authors concluded that the current evideased appro#cof lung
protective ventilation should continue to be used to avoid ventilator associated lung injury. Given
the current uncertainty in our understanding of CONItDassociated ARDS, it is clear that more

robust evidence is needed before significant chamng management is warranted.

1.9 Extrapulmonary Manifestations of COVID -19

Beyond respiratory symptoms, it is becoming clear that SER®2 infection also induces
a number of extrapulmonary manifestatié?i distinctive feature of COVIEL9 is the associated
coagulopathy observed in many patients. It is estimated th@a0%0of patients with critical
COVID-19 develop arterial and/or venous thromboemboliiS’ which is drastically higher
than the 8% observed in pasperative ICU patient®? Accordingly, patients with COVIEL9
associated ARDS with low compliance and increased circulating levelsioh& were found to
have a considerably higher risk of mortafitfOther hematologic responses in COVIB include

lymphopenia (a hallmark finding of impaired immunity), leukocytosis, androghilial®
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Cardiovascular manifestations that have been associated with-SARE infection are
myocarditis, arrhythmias, cardiomyopathy and myocéidjiary.1°° In the gastrointestinal system,
COVID-19 produces a variety of ndatal symptoms (e.g. anorexia, nausea, diarrhea), whereas
neurological finthgs range from nospecific symptoms (e.g. headache, fatigue, anosmia) to
severe presentations (e.g. impaired consciousness, ischemic stroke, encephaBpkiry,
BarreSyndromg. Although diabetic and obese patients are known to be at much grshtfrri
developing severe COVHR9, endocrinologic presentations including hyperglycemia and

ketoacidosis have been observed in patients who have no underlying digbetes.

1.10Pathophysiology of COVID-19
Early in the COVID19 pandemic, SARE0V2 was discovered to be highly homologous

with the original SARSCoV.1%° Pivotal papers during the 2003 SAR®V epidemic identified
human angiotensin converting enzyme 2 (ACE2) as the functional receptor for viral‘&htty.
Now, 19 years later, structural and functional aredybave validated that ACE2 is the same
receptor involved in the mechanism for SARBV2 cell entry and infectioh'?11

SARSCoV2 consists of four structural proteins: spike, envelope, membrane and
nucleocapsidFigure 1.3).1*° The development of COVIN9 begins when inhalation of viral
particles enables SARSoV?2 invasion of epithelial cells in the upper respiratory tract. The spike
protein of SARSCoV2 has two subunits, S1 and S2, whereby S1 is responsible for binding t
ACE25 Upon binding, transmembrane protease serine 2 (TMPRSS?2), furin and other proteases
expressed on the cell surface will cleavel activate the spike protein, allowing the S2 subunit to
facilitate viral and host cell membrane fusion for endocyt@Bigure 1.3).13116117The viral

genome, a single stranded positive RNA, is translated by the host cell machinery to form the viral
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replication and transcription compl&® Subsequent replication and transcription of the SARS

CoV2 genome results imosynthesis of viral proteins for assembly and secretion of new virions.

Spike protein (S)
Nucleocapsid protein (N)
RNA genome

Membrane protein (M)
Envelope protein (E)

b (2) Cleavage of
S protein

(1) SARS-CoV-2
(3) Activation of
S2 domain
(4) Fusion of viral and
Y host membranes
S2
S2"site -==== 4-\ N
sm, , ,6,
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\
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ACE2 Protease
TMPRSS2
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Target cell

Figure 1.3. Pathophysiology of SARSCoV2.

(A) Severe acute respiratory distress syndrome coronavirus 2 (6AR%) structure and
components including spike, nucleocapsitembrane ananvelope protes as well as the
positivesingle stranded RNA genome. (B) Bindingloé SARSCoV2 S1 subunit of ske protein
to angiotensin converting enzyme 2 (ACE2) receptorbast target cellsSubsequent activation
by transmembrane protease serine 2 (TMPRSS2) and other cell menpbosessesnables
endocytosis of SAREo0V2 for cell infection.Image adapted &m Lamers and Haagmans
(2022).11°
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Newly excreted SARE0V?2 particles disseminate into the lower respiratory tract. Within
alveoli, SARSCoV?2 targets pneumocytes and alveolar macrophages. The intracellular expression
of viral pathogerassociated moletar patterns results in activation of inflammatory signaling
cascades for production of type | interferons (IFNSs), -ipfiammatory cytokines and
chemokines?® Similar to the begining stages of classical ARDS, recruitment of innate and
adaptive immune cells augment the secretion of inflammatory mediliti@fs.unhampered, the
continued cycling of viral replication and immune response can cause overwhelming inflammation
and indue COVID-19 associated ARDS.

Mechanismghat have been shown to be prominentCi@®VID-19 include endothelial
damage, dysregulation of the remingiotensiraldosterone system (RAAS) and the
extrapulmonary manifestations as a result of widespread SERR disseminatiort®® ACE2
expression on arterial and venous endothelium mediates endothelial injury, inflammation and
activation!?* Physiologeally, inappropriate thrombin synthesis, hindered fibrinolysis and
initiation of complement pathways during COVI® causes microthrombi deposition and
vascular thromboembolisti® As ACE2 is occupied by SARG0V2, an imbalance in RAAS is
also observed resulting in impaired conversion of both angiotensin | and |l foftartimatory
by-productst?? Rather, circulation of angiotensin | and |l exdages inflammation and promotes
systemic vasoconstriction. Lastly, ACE2 is shown to be widely expressed across different organ
tissues, thereby providing a possible explanation for the diverse symptoms of dOlnside

of lung injury 123124
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1.11 Current Treatment Guidelines for COVD-19

As our knowkdge of COVID19 has advanced over the past three years, therapeutic
interventions have aimed to both hamper progression and manage severe disease. The mainstay of
prevention remains to be vaccinations, which demonstrated 95% protective efficacy when first
introduced in 20262?° For patients with mild to moderate COW® who do not require
supplemental oxygen, current treatment guidelines recommend symptom management with no
role for steroid or antiviral interventions unless they are at elevated risk for progression to severe
disease (e.g. elderly population, immunocompromis€di. patients who are hosplized due to
COVID-19 and require minimal oxygenation, dexamethasone and remdesivir should be
considered. As patients progress to more critical illness illustrated by increasing oxygen needs
through high flow nasal cannula, nowasive ventilation or mdmnical ventilation, prompt
initiation of dexamethasone with either baricitinib or tocilizumab is recommeéeriéiadthough
both drugs are approved for treatment of rheumatoid arthritis, they have now been repurposed for
COVID-19 as baricitinib inhibits the enzyme janus kinase (JAK) thereby preventing inflammatory
signalling?“*3® and tocilizumab is a monoclonal antibody that antagonize8 Hinding to
mitigate a severe proinflammatory respoh$é® Importantly, as new variants of SARDV2
have become dominant, the efficacy of vaccinations have de¢fhE8There remains a need to
develop new therapies specific for COVID that can achieve greater therapeutic efficacy in

improving survival and reducing prolonged hospitalizations.

1.12Mouse Models of COVID-19

To acceleratethe development of novel interventions and vaccines for CEMD

researchers require a relevant preclinical animal model that recapitulates the mechanism by which
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SARSCoV2 infection occurs®® Although large animal models and Rbaman primates may
represent infections that more closely resemble the clinical distese, areconsiderable
limitations in cost, specialized housing/facilities, veterinary sesyioag reproductive cycles and
genetic modifications. Moreover, large animals have shown to develop onsARSCoV2
pulmonary infection$®” Hence, small animal models provide a more widely accessible approach
in studying the pathogenesis of COVID. Inthe setting of a pandemic, mouse models can also
be rapidly developed and dispersadh global effort to find innovative solutionslowever, all
animal models of COVIEL9 using live SARSCoV2 are limited by the need for Containment
Level 3 facilities, which are costly and not widely availafeThis section will focus on the
current mouse models thiaave been applied in the combat against COWID
Genetically Modified Mice

The main obstacle in using mouse models of CO¥#Ds the lack of SAR€0V2 binding
to rodent ACE2. The rise of SARSoV in 2003 led to development of genetically modified mice
that express the human ACE2 (hACEZ2) receptor undeeettadin 18 (K18) promoten epithelial
cells!® Intranasal delivery of SARS0V?2 to this model has shown varying degrees of severity
ranging from moderate to lethal lung injury dependent on the administered viral dose. Specifically,
Ix1®P(a | s o )pPfULOEFARSCoOV2 results in 2680% weight lossvith 100% mortality by day
5 to 8 post inoculatiot®143 At lower doses, a less severe ALI response is induced with fu
recovery in some mice over time. As a model of CONE) K18hACE2 transgenic mice
demonstrate elevated viral loads in the lungs and high specificity of $AR3 binding to
hACE?2 as wildtype mice are consistently unaffe¢t@d*3A significant inflammatory response is
generated with drastic increases in expression of chemokines and cytokines. In addition, this

mouse model exhibits moderate viral dissemination to other organs similar to the human
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diseasé?**!Notably, the neurotropism of SARS0V2 in KIhACE2 transgenic mice has been
suggested as a contributing factor to animal mort&ity*

Other genetically modified mouse models that have been used include hACE2 expression
driven by the mouse ACE2 promoter or HFH4/FOXJ1 lung epithediés. In the former, a nen
lethal lung injury response was exhibited from intranasal SER®2 with 8% weight loss and
full recovery by 14 days'* On histological examination, a moderate interstitial pneuanwais
evident. No pathology or viral titers were found in other organs, demonstrating-dafiged
model of COVID19 ARDS. SARSCoV2 delivery to HFH4/FOXJ1 hACE2 transgenic mice
resulted in 50% mortality by day 6 and produced leukocytic infiltratiatensive perivascular
infiltration and pulmonary edema on lung histold@y.
AdenovirusMouse Models

Adenovirusmediated expression of hACE2 potentially offers a more widely caipé
approach to investigate COVADO. Transgenic mouse models require backcrossing of animals
and validation of genotype that may make it difficult to meet global demands. By using an
adenovirus system, hACE2 can be directly inserted into the mouse gemitinm the lungs.
However, gene expression may only be transient. In this mouse model, a localized ALl is observed
with high pulmonary titers of SARS0V21% Importantly, the same viral dose (1E5 pfu) that
resulted in overwhelming inflammation, severe lung damage and 100% mortality in transgenic
mice induced minimal weight loss, minor histological changes and no deaths when using
adenovius mediated hACE2 expressithi.These findings were confirmed in another study that
directly compared SARE0V2 infection of K18hACE2 mice and adenoviral hACE2 mité.

Mouse Adapted SARE0V2
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Although SARSCoV2 cannot bind to mouse ACE2, mouse adapted SBBR&E were
developed through targetetutations or serial passaging of the virugivo. In one study, reverse
genetics were applied to remodel the SARS/2 spike protein and optimize its binding of mouse
ACE21%° Although mice exhibited elevated viral titres in the lung and histological findings of
interstitial pneumonia, alveolar damage and lymphocytic infiltration, no clinical signs of disease
were detected. In contrast, authdesnonstrated 40% mortality from SARS®V2 inoculation in
HFH4-hACE2 transgenic mice with similar findings of ALI features as previously reported.

In another study, a mouse adapted SARY2 was produced by serial passaging of
coronavirus in micé> The resultant virus was highly pathogenic and exhibited adiesendent
effect on mortality in wildtype mice. Physiological assessments demonstrated marked pulmonary
dysfunction that was associated with significant lung congestion and histological ihges
mice were also considerably more susceptible to morbidity and mortality from mouse adapted
SARSCoV2 inoculation. Hence, serial passaging of SARS/2 for natural adaptation may
enable production of viruses that induce more severe ALl and clinteddlyant features of
COVID-19. However, a significant disadvantage would be the inability to assess and compare
SARSCoV2 variants of concern. Transgenic mice may serve as better suited models to investigate
the pathogenicity of viral variants as the hunfiarm of coronavirus evolves.
Pseudotype®ARSCoV2Mouse Model

Pseudotyped virusewme generately expressing the surface glycoprotein of one virus (e.g.
SARSCoV2 spike protein) on the structural core of another virus (e.g. vesicular stomatitis
virus).’®1 A significantadvantage of this approaigthe marked reduction in risk associated with
studyinghighly lethal and/or infetive viruses.The pathogenicity and efficacy of interventions

against the pseudotypegutus can be investigatadingless restrictive biosafefacilities, thereby
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enabling greater accessibility for researchers around the world. Durthgs pandemic,
psaidoviruses of SARE0V2 havebeenoftenusedin vitro to assesshe ability of antibodis or
sera(i.e. neutralizing antibody therapies or serum obtaiafer vaccine exposur@) attenuating
viral infectivity through neutralizatioassays> 1>’

Some groups have also delivered pseudovirtseanimals as g@otentialapproach for
modeling COVID19 in vivo. In one study, aesicular stomatitis virus backboe&pressinghe
coronavirus spike proteiwas generated asSARSCoV2 pseudovirus®® whereas another study
utilized a lentivirus systerfor pseudovirugproductiont>® Both groups incorporated luciferase
activity within theirpseudotyped virusde demonstrat@ulmonary infection by bioluminescence
analysis. Howeverneither study assessed pulmonary specific outcoames there were no
indications thatlelivery of theirpseudovirussin mice expressing hACERduced a severe lung
injury response comparable to SAR®V28159 Although this approachcircumvents the
necessity dr BiosafetyLevel 3 facilities,a pseudovirus animal model that better represents the

disease course and severity of SAB&V2 infections is stilheeded taetainclinical relevance.

1.13MesenchymalStromal Cells (MSCs)

Despite decades of research investigating ARDS, there remains to be no specific curative
therapy for this devastating illness. This fact has become more apparent during th€ SARS
pandemic as patients continue to suffemf COVID-19 associated ARDS without available
rescue treatments. In the world of regenerative medicine, mesenchymal stromal cells (MSCs) have
shown preclinical promise as an immunomodulatory biotherapeutic and is currently being tested
in clinical trialsfor its efficacy to treat classical and COVI® ARDS. This section will provide

an overview on the isolation, characterization and therapeutic potential of MSCs.
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1.13.1Sources of MSCs

MSCs (also commonly referred to as multipotent stromal cells) are a heteoogen
population of cells first discovered by Dr. Alexander Friedenstein in the 1&20%In these early
studies, MSCs isolated from bone marrow demonstrated an ability for multipotent differentiation.
Since these findings, MSCs have received considerable scientific attention across numerous
disease domains for their potential as a regeneraéll therapy. We now know that MSCs can be
isolated from multiple tissue sources including adipose tissue, umbilical cord, synovial membrane,
skin, and dental pulp, and can even be derived from pluripotentcstist®>1%° Although bone
marrow is still the most frequently utilized source for MSC expansion, the extraction procedure is
invasiveand can be painful for donork comparison, adipose tissue and umbilmaidshave
become more popular in recent years due to their abundsince both are considered
biohazardous wast&® Donor characteristics including age, sex and comorbidities are all factors
that can produceariability in the therapeutic efficacy of bone marrow derived M®C¥? In
comparison, these parameters may be more consistent when utilizing umbilical cord’tissue.
Lastly, reports indicate MSCs from umbilical cord are produced at higher yields and greater
proliferative capacity as compardd other cell sources, while maintaining MSC marker
expression and differentiation abilit§#*"2Thus, the distinct advantages of resource availability,
norrinvasive acquisition and efficient cell expansion from umbilical cord tisgpports itgutility

as an MSC source in interventional preclinical and clinical trials.

1.13.2Characterization of MSCs

Interest in studying and developing MSCs have exceled since their first discovery.
However, poor reporting of methodology and inconsistent approachessdlating and
characterizing MSCs in the 1990s and early 2000s hindered progress within the field. It became
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increasingly difficult to compare findings between studies and develop a robust understanding of
MSC efficacy needed for clinical translation. &sponse to these issues, the International Society
for Cellular Therapy (ISCT) proposed a standard set of minimal criteria to define MSCs: (1)
Adherence to plastic in standard culture cond
specific surfaceat i gens (CD105, CD73, CD90) with negat.
and endotheli al mar kers (CD45, CD34, CD14/ CD
antigen DR isotype (HLADR)), and (3) multipotenin vitro differentiationability into osteoblast
adipocyte and chondrocyte lineadés.

Although MSC characterization is now more widely consistent, unsubstantiated MSC
nomencature is a problem thaémainsrampant despite attempts of standardization. In 2005, the
| SCT noted that t hetemeceé¢!| 96 dsmMesledc begmaleser v
definitively prove their cells exhibit a capacity far vitro and in vivo sef-renewal with
differentiation potentiat’*l n contr ast, t hskomalee Im siitnedesnchiymas
population of cells associated with the therapeutic efficddySCs due to immunomodulatory,
tissue homing and secretory functions. Despite this distinction in terminology, there is still a
significantly greater number of publications
records on PubcWmastemhelnl figneisensearched as compa
for fAmessromalbgimbs 0 (searched on January 4, 202
an updated position statement to encourage more stringent evaluation by funding agencies,

scient fic journals and conferencestfor studies u

1.13.3Therapeutic Mechanism of MSCs
Thousands of preclinicahnimal studies across multiple different disciplines (e.g.
cardiology, nephrology, orthopedics, neurology and many more) over the last twenty years have
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supported the notion that MSCs confer therapeutic benefit for a variety of disease comfditions.
180\When administered systemically, they migrate to sites of disease/injury to promote cell survival,
attenuate inflammation and foster tissue reffait®>Thesepleiotropic effects have been shown to

be facilitated by the immunoregulatory capacity of MSCs and through release of paracrine factors.
Immunomodulation by MSCs

MSCs are known to sense the inflammatory environment. They expresikd odceptors
on ther cell surface that recognize the molecules associated with pathogens or from tissue
injury.t® Within the innate immune system, macrophages playueiat role in initiating the
inflammatory cascade. MSCs assist macrophages in mounting an early phase immune response by
releasing chemoattractants to recruit neutrophils and lymphocytes to the site of injury or infection.
As the level of pranflammatorycytokines increase, MSCs adopt an-amflammatory phenotype
and secrete factors such as prostaglandin E2 (P@tE®)amine 2,3 dioxygenagéDO) and IL-

10 to promote the polarization of macrophages towards an immunosuppressive phenotype
( i M 28 Jubsequently, M2 macrophages produce even greater levels -afifiamimatory
soluble factors(IkL O, TGFb) to daffipen infl ammati on.

The adaptive immune response is dependent on antigen presentingp adlige the
production of CD4+ helper and CD8+ cytotoxidymphocytes for pathogen clearance. MSCs
regulate the balance between inflammatory andiaffmmatory Fcells through secretion of
TGFb, hepatocyte growth f a®fdhe comframeof MSCDO an «
secreted factors and M2 macrophages can also induegulBtory cells that function to suppress
overactive adaptive immune response. Taken together, MSCs play an active role in regulating
innate and adaptive immunity, thereby calibrating the inflammatory response to disease/injury.

Paracrine Factors of MSCs
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There are a variety of paracrine factors present within the MSC secretome including matrix
components, enzymes, inhibitors, growth factors, cytokines, chemokines and transcription
factors®®187 Accordingly, the MSC secretome contains an array @foules that have benefits
beyond modulating the immune system. For example, MSCs inducepamptiotic and pro
survival effects by release of Akt, hypoxiaucible factors, hepatocyte growth factor,
keratinocyte growth factor, insuliike growth factorl, and many otherf§%88These same growth
factors secreted by MSCs can also prevent fibrotic tissue development during repair. Expression
of vascular endothelial growth factor (VEGF), fibroblast growth factors, angiopoietins 1/2 and
stromal ell-derived factor 1 promote neovascularization and aid in vascular network remodelling
within damaged tissues/vasculattf€The MSC secretome alsiemonstrate an ability to activate

resident stem/progenitor cell populations to stimulate proliferation and differentiation.

1.13.4Clinical Potential of MSCs

Despite the mounting preclinical evidence for efficacy of MSCs, there were concerns
regarding the safg of administering a live cell therapy to human patiefitsese theoretical
worries included potential malignancy due to the proliferative ability of MSCs, cellular-micro
embol i sm, i ncreased risk of i nfection gi ve
immunogenicity of the cells themselvE8 The first clinical trial involving MSCs was conducted
in 1995 to investigate their feasibility and safety profifNo adverse reactions were observed,
and it has since been suggested that MSCs are imprivileged due to their low expression of
major histocompatibility complex proteif®-A metaanalysis examining the safety of MSCs from
clinical trials found no evidence of organ system complications, infections, tumorigenesis or
mortality, although MSC infusion may be associated with transient f&éndeed, the
advantageous safety profile of MSCs combined with thmittilineage potentialease of cell
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expansionn vitro andimmunomodulatory abilitiekaveled to overl000registered clinical trial

for a wide range of indications, includisgptic shock?® ARDS ***ischemic heart disea$eand

most recently, COVIEL9 related ARDS (e.dNCT04400032NCT04865107. Despite enormous

interest, MSCs have only been approvedieating two conditions: (1) graft versus host disease

in Canada, Japan and New Zeal and, and (2) per|
the European Uniof?® This lack of success idlinical translation may be attributed to inherent
challengeswith developinglive cell therapies including variabilities in manufacturitige need

for cryopreservation and difficulties achieviagequad cell viability for efficacy Furthermore,

there remains a need for more consistent characterization of MSC therapies, as well as standardized

in vitro potency assays that can accurately predict the therapeutic efficacy in humans.

1.13.5MSCs as Therapy for ARDS

The pathophysiology of ARDS involves overwhelming inflammation, alveolar disruption
and microvascular injury that is most commonly due to viral/bacterial infection. Given the
immunomodulatory, prangiogenic, amapoptotic and antimicrobial properties ™MSCs,
research and development of these cells as a biotherapeutic for ARDS has advanced considerably
over the past fifteen yeal® One of the first respiratorywgdies of MSCs exhibited their ability to
reduce fibrosis and inflammation in a bleomyaiduced mouse model of lung injuly’. Since
then, a variety oALI models have discovered MSCs to drastically attenuate pulmonary edema,
levels of inflammatory cells/cytokines, vascular permeability and histological lung fffui}.
200 A metaanalysis of small animal models demonstrated a marked reduction to odds of mortality
in animals treated with MSCs as compared to cofttdlhis finding remained valid regardless of
MSC source, route of administration or method of disease induction. In sheep models of ALI, cell
treatment reversed hypoxemia, significantly attenuated lungadermproved pulmonary vascular
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pressures and reduced inflammation with no adverse effects ob$¥rfdntrapulmonary
infusion of MSCs inex vivo perfused human lungs injured with endotoxin ok livacteria
decreased neutrophil accumulation, enhanced macrophage phagocytosis of bacteria, restored
alveolar fluid clearance and improved alveaadothelial barrier integritg?*2%°

Based on the encouraging preclinical outcomes, investgydtave begun performing
clinical trials involving MSCs for treatment of ARDS. Currently, there are 44 clinical trials
registered on ClinicalTrials.gov. Of these studies, 31 are registered specifically for the treatment
of COVID-19 associated ARDS, while3 trials are focused on ARDS from other causes. Five
clinical trials have been completed, two of which were eahigse clinical trials that showed
multiple infusions of umbilical corderived MSCs (900 million cells per dose) to be safe in
patients wih COVID-19 ARDS NCT04400032andNCT04355728 Moreover, a recent living
systematic review and metanalysis highlighted the potential efficacy of MSCs to reduce
mortality in patients with severe COVAIDO2% A larger clinical trial of MSCs foclassicalARDS,
the START Study, was recently published in 28%9n this randomized phase 2a multicentre
trial, allogeneic MSCs were wdblerated by patients with no severe adverse events. However,
clinical outcomes including mortality did not improve with MSCs as compared to pl4fétvom
posthoc analysis, one potential reason for the lack of overall efficacy was the widely inconsistent
viability of administered MSCE£36-85%). This highlights the difficulties in optimizing methods
to produce aclinical grade MSC treatment. Issues pertaining to cell potency, viahilitigh
manufacturing costs and product variabiligynain at large when attempting to translate live cell
therapies. An emerging solution to overcome these barriers includes the idea of isolating and

utilizing the MSC secreted factors as an independent therapy.
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1.14 Extracellular Vesicles(EVS)

Historically, MSCs were thought to migrate to and engraft at sites of injury, followed by
differentiation into functional cells for tissue regeneration. However, a pivotal study in 2005 by
Dr . Victor Dzaubds group pr ovVildated threughi adnevelc e t h
mechanism involving paracrine action from conditioned mé&digince then, many stlies have
confirmed that théherapeutic effects from MSCs do not involve engraftmd&iit? Rather, MSCs
achieve their restorative propiesin partby secretion ofmicro- to nanasized particles known as
extracellular vesicle€EVs).2**2" EVs are secreted by all cells in the body under physiologic and
pathologic statesThey carry biologically activecargo encapsulated within their phospholipid
bilayer membrane including nucleic acids (microRINBRRNAS, mitochondrial DNA), enzymes,
growth facors, and lipidsBy delivering their cargo to target sites, EVs facilitate intercellular
communicatiorthatpromote homeostasis or disease progression depending paré&mésource
andpackagedontent.Thus, EVs represent an opportunity to harness thefite of MSCs as an
A o-thés h e | ffree therady.lin turn, MS@erived EVs (MSEEVSs) may overcome challenges
that hamper the successful translation of live cell treatments including limitedifhdle need

for cryopreservatiomandbatchto-batchvariability in cell viability and/or efficacy.

1.14.1Biogenesis and Subclasses of EVs

EVs are categorized into three distiscibtypesbased orsize distributior?*® (1) Small
EVs (incl udi ng 180em;@)smediuenlatgg EVs (alSoknown ascrovesicles
or ectosomés ~150 1,000 nm; and3) apoptotic bodies derived from membrane blebbing during
progranmed cell death, ~1,008,000 nm. Small and medium/large EVs areralamtly secreted
by MSCs and have received the greatest attention for therapeutic p@tigtied 1.4).21°22°EVs,
whether small or large, can be createshtigh the budding of cellular membrane, enabling for
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encapsulation of the cytosolic content of MS&dViany of the current protein markettsat are

used for E\Vcharacteriationare surface membrane prote{esy. flotillin, caveolin) However, the
biogenesis of exosomes has been demonstrated to be quite distoieing the coupling of
endocytosis and exocytogie Within intracellular late endosomes (also known as multivesicular
bodies), invagination of the endosomal membrane forms intraluminal vesicles. Once late
endosomes fuse at the cell surface, the intraluminal vesicles releaseitheinéxtracellular
environment are recognized as exosomes. Hence, speculated exosomal markers include proteins
related to intracellular trafficking and the endosomal pathway (e.g. CD63, CD81, TSG101 and
Alix) (Figure 1.4).216221Depending on the EV subtype and their biosynthetic mechanism, the
intravesicular bioactive factors can range considerably. Nonetheless, EMeraayideal vessel

to encapsulate therapeutic produdsginating from MSCs praect these products from

degradation and aid in their delivery to specific tissue sites.

Microvesicles

® Size: Medium/Large EVs (~150-1000nm)
® Biogenesis: Cell membrane budding
® Protein Markers: Flotillin, Caveolin, CD63
® Cargo: Non-DNA nucleic acids

(e.g. microRNA), lipids,

cytosolic proteins/enzymes

Multipotent
Mesenchymal Stromal Cell

Target cell

—_—
-y

oY g
o
@ Endocytosis {E] (

ar?
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# Size: Small EVs (~30-150nm)
* Biogenesis: Coupled endo-/exo-cytosis
® Protein Markers: TSG101, Alix, CD63, CD81
® Cargo: Non-DNA nucleic acids
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Figure 1.4. MSC-EV subtypes and biogenesis.

Size, biogenesis, protein markers, and vesicular cargo for both exosomes and microvesicles are
described. Potential mechanisms by which extracellular vesicles communicate with target cells
include receptemediated interactions, cellular endocytosis, difesion with cellular

membrane, and indirect interactions such as immune modulation, reactive oxygen species
production, and coagulatioNMVB1 multivesicular bodyTSG101i tumor susceptibility gene
101;ROSI reactive oxygen speciesdapted from Tiewt al. (2019)2%?

1.14.2EV Nomenclature

The first evidence pointing to the existence of EVs dates back to 1946 when platelet
derived particles known as-coaqulang’?€lt veas notduntis t 06 we
1981 when the term filexosomeo was used in refe
found within normaand cancer cell line®°Al t hough t he asdnitialy ifiended s o me 0
to be applied to EVs of endosomal origin, the rise in EV research has found the term being
increasingly used to refer to EVs in general, without providing adequate evidence that these are
indeed exosome&®Hence, the International Society for ExtracelhWesicles (ISEV) released a
recent statement to endorse fdextracellul ar ve
cells??” Unless investigators can definitively indicate their EV product is derived from the
endosomal pat hway, the term fexonemlaweedshoslith oul d
reflect physical (e.g. size such as small or large EVSs), biochemical (e.g. CD63+/CD81+ EVSs) or

cellular origin (e.g. MSEEVs, endothelial EVs, etc.) characteristics.

1.14.3lIsolation of EVs

During thein vitro culturing of cells, EVs are seated into the media that can then be
collected and stored for future isolation. Importantly, a variety of cell culture parameters can affect
EV production including choice in supplementation, timing of collection and culture condftfons.
Most researchers culture cells with serum supplementation; however, serum is known to contai

an abundant amount of undesirable EVs and small particles. To avoid contamination of
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conditioned media with serum EVs, one can choose to culture cells underfssgwsonditions
for 24-48 hours, or supplement media with E¥pleted serurff®

Other considerations for the preparation of conditioned media prior to EV isolatiodan
cell confluency (recommended-B0% confluency), normoxic versus hypoxic growth conditions,
and preconditioning of cells with molecular/chemical stimuli. For example, culturing MSCs under
hypoxia has been thought to enhance the production and gffafaEVs2?°® Alternatively,
researchers have also preconditioned MSCs with prof | a mmat ory mol ecul es
LPS) to augment the expression of anflammatory factors within EV$°232Regardless of how
MSCs are cultured, it is critically important to record egdibility at time of conditioned media
collection, cell passage number and the duration/concentration of preconditioning stimuli to ensure
a consistent EV therapy is produced. After conditioned media is acquired, the storage conditions
should be noted (e.dresh, refrigerated, frozen &0°C, frozen at80°C) and avoiding multiple
freezethaw cycles is imperative to prevent EV rupture and protein denatuf&ton.
Differential Ultracentrifugation

Differential ultracentrifugation is considered one of the first teaesgpptimized for EV
isolation?®* It remains the most commonly used approach for EV enrichment due to its ease and
accessibility?® In short, spin cycles at increasing speeds affdrag can pellet various
components within conditioned media based on size and density. Initial steps employ lower
centrifugal forces to remove live/dead cells, cellular debris and apoptotic B¥fdiEise
supernatant is collected at each step and spun at higher speeds to enrich for specific EV subtypes.
For microvesicle isolation, a centrifugal force of around 20,000 x g is commonly utilized. Small

EVs including exosomeseapelleted at a force of 100,000 %34.
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Although ultracentrifugation has advantages as a technically straightforward method with
relatively high specificity in EV isolation, there are some disadvantages that warrane catnsid
The high centrifugal forces and mechanical stress may result-fmecitation of EVs with
proteins/contaminants and EV ruptdf@?36238 Adaptations to the technique including
sucrose/iodixanol density gradient or sucrose cushion ultracentrifugation has enabled greater
purity in the enrichment of EV populations and reduces the damage sustained by EVs at high spin
speedg324°Notably, the volume ofmedia that can be processed and quantity of EV yield by
ultracentrifugation per session is limited. This severely prohibits the use of ultracentrifugation for
clinical translation as patients will require a considerably greater dose of EVs as compauatl to s
animals. Thus, despite the widespread use of ultracentrifugation in preclinical research,
optimization of other methodologies is required for effective clinical scaleup.
EV Precipitation Kits

With interest for EV research rising, many companies haaeufactured user friendly,
inexpensive precipitation kits for rapid particle isolation such as ExoQuick by System Biosciences,
Total Exosome Isolation by Invitrogen or exoEasy Maxi Kit by Qiagen. The majority of these kits
utilize polyethylene glycol or ber water absorbent polymers to precipitate less soluble
components such as E¥$.The advantage of polymeric precipitation is their simplicity and
efficiency for high yeld isolation of EVs from large volumes of starting biofluid material or
conditioned media. However, other RBN contaminants (e.g. proteins, polymer material, etc.)
are extracted in parallel, thereby reducing the purity of the final préthf¢.A recent study
demonstrated that soluble factors contaminating the EV product may be the dominant component
that drives therapeutiebefit?** Hence, efficacy from MSE&Vs isolated by precipitation kits can

be incorrectly attributed to EVs rather than thepcecipitated proteins. These unidentified
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components andhe impure final EV product may limit the ability to obtain regulatory approval
for EV therapies isolated by precipitation kits.
Tangential Flow Filtration

Ultrafiltration is a sizeébased exclusion technique that commonly precedes a primary
method for EV islation. This approach applies deaad filtration whereby conditioned media is
forcibly directed at a semipermeable membrane with a specific por&%&e more volumeof
media is filtered, the membrane becomes saturated with larger solutes resulting in resistance to
any further passing of EVs for isolation. Tangential flow filtration (TFF) is a more recent technique
for EV enrichment that is increasing in popularitglaavercomes issues of ultrafiltration. In TFF,
the flow of conditioned media is perpendicular to pores on a hollowfiber membrane. Solution is
continuously circulated thereby preventing buildup of molecules around the merfiSiaokeite
and portions of the fluid are permeated through the pores whereas particles larger than the pore
size (e.g. EVs) are retained in the T§fstem to be concentrated. The remaining EVs can be
further purified through a diafiltration process involving the circulation of PBS to remove salts or
other media components. This approach has been reported to increase the efficiency for EV
isolation upvards of 36200 fold as compared to ultracentrifugation with added benefits of
minimal mechanical stress and protein aggregafiotf® TFF also enables large volumes of
conditioned media to be continuously and automatically psecesvhile retaining expression of
EV markers and functional activity in the final product. Taken together, TFF is viewed as a

potential scalable technique to produce purified MBS for clinical applicatiorf#*

1.14.4EV Characterization
In 2017, the knowledgebase known as Transpt Reporting And Centralizing Knowledge
in EV Resd®RACKO]imBwds created as an internati

42



consolidate the experimental approaches being utilized in EV regéaiRbports from this
database suggested high heterogeneity in how researchers were isolating and characterizing EVs.
Many articles contained insufficient details, thereby hinderindysinterpretation or replication.
These findings emphasized the need to update the international guidelines for EV experimentation.
ISEV published the Minimal Information for Studies of EVs in 2018 (MISEV 2018), which
features detailed recommendationsniprove transparency and standardization in EV isolation,
characterization and study desfighOver 380 researchers were surveyed to develop a consensus
and synthesize thisogition statement. The ISEV advises that EV researchers characterize their
product by: (1) Quantification, (2) protein composition, and (3) single vesicle analysis. For
guantification, total particle number and/or protein amount are frequently used asendas
dosingin vitro andin vivo. EV particle concentration can be measured using light scattering
technologies (e.g. nanopatrticle tracking analysis), resistive pulse sensing or flow cytometry for
larger EV subtypes. Protein concentrations are tygicadlasured by colorimetric assays including
Bradford or bicinchonic acid (BCA) assays. When isolation techniques of low specificity are used
(e.g. precipitation kits), assessing the ratio of particle:protein in EVs allows for estimation of
purity 246 Often times, lower ratios indicate high-pgecipitation of protein contaminants that may
result in inconsistent efficacy.

The ISEV guidelines acknowledge a laakrobust evidence to propose universal protein
markers corresponding to specific EV subtypes. Rather, MISEV2018 recommends characterizing
EVs by evaluating both the positive expression of three general EV markers (e.g. tetraspanins like
CD63/CD81, membrae binding proteins including tumor susceptibility gene 101 (TSG101),
ALIX, flotillins or caveolins) and negative expression of #6¥ proteins (e.g. apolipoproteins,

albumin, or proteins related to the endoplasmic reticulum or Golgi apparatus). Laxilg, si
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vesicle analysis by high resolution visualization and/or-inmeging techniques should be
performed. Fluorescence microscopy may be applicable for larger EVs (>200nm), whereas all EVs
can be visualized by electron microscopy due to their charaateifgtl bilayer, cupshaped
morphology and immunostaining. Namaging singlevesicle modalities that can assess
biophysical features (e.g. EV size and concentration) include light scattering technologies by
particle displacement, or resistive pulse samnbiy electric field displacement.

Another important consideration endorsed by the ISEV is to investigate the function of
different EV subtypes before claiming outcomes are associated with only one particulafdubset.
For example, studies that claim therapeutic be
medium/large EVs from the sansmlation fraction for siddy-side comparisons of efficacy. If
found to be equal, then the rigorous isolation techniques needed to generate an enriched product
of small EVs may not be necessary. Additionally, attributing effects of EVs to specific agesicul
components should be verified by conducting kroakor knockdown experiments. This can be
achieved by attenuating the expression of target RNAs or proteins within the parent cell prior to
EV isolation, or directly altering the composition within EWsthe original effect is abolished,

then one can conclude that the biological factor of interest is indeed crucial to EV activity.

1.14.5MSC-EVs as a CellFree Therapeutic

Although MSC research has dominated the field of regenerative cell therapy, there has
been a recent shift in focus to develop M&Us as a novel cefree nanotherapeutic. Preclinical
interventional studies using MSEVs aregrowing at an exponential rat¥.As mentionedMSC-
EVs are thought to deliver protective proteins, microRNAs, mRNAs and lipids to target tissue that
regulate immune response, promote tissue repair/regeneration and improve organ function. Several
recent systematic reviews and matelyses by our grougnd others highlight the ability of MSC
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EVs to treat a variety of disorders including musculoskeletal dis&&gé$tumor growth?*°
wound injury?®1252kidney injury?® stroke?®* and cardiac disease’. In particular, proteomic
analysis of MSEEVs indicate high expression of growth factors and proteins dteatproe

angiogenic, immunomodulatory, awkidative and antapoptotic?>525°

1.14.6MSC-EVs for Treatment of Respiratory Diseases

Inflammation and microvascular injury are critical to the progression of numerous
pulmonary diseases. Hence, M&Wsare attractive as a treatment for a range of acute and chronic
lung disorderg*’ For example, bronchopulmonary dysplasia is a chronic lung disease affecting
preterm infants with no edttive therapy. It is characterized by restrictions in alveolar and lung
vascular development, resulting in significant pulmonary dysfunction. In rodent models, early
administration of MSEEVs markedly reduced inflammation, fibrosis and vascular remodeling
while improving lung developmeR®’ A follow-up study that delivered EVs as a rescue therapy
found that the regenerative propes of MSCEVs were sustained despite being given after
disease developmefft In the adult and elderly population, pulmonary arterial hypertension is a
chronic lung vascular disease characterized eoglothelial cell apoptosis and excessive
proliferation of smooth muscle cefi% As a result, elevated pulmonary vascular tasise can
cause right heart failure. In preclinical models, systemic injection of M8€was successful at
preventing and reversing the development of pulmonary arterial hypertéfisighAuthors
attributed these benefits to restoration of mitochondrial health, increased recruitment of
immunosuppressive macrophages, and augmented angiogenesis within the lung vasculature.

In preclinical ALI models, MSEEVs have been shown to as potent agirent MSC$°
Several groups foundSC-EVsto markedlyimprove featuresf lung injury including histological
appearance, inflammatory cell infiltration into lung tissared cytokine concerdtion within the

45



bronchoalveolar lavage fluidFigure 1.5).26>2%%Uptakeof EVs by alveolar macrophagesgulates
thein vivoinflammatory cascade by polarizing the cétlsan antinflammatory phenotypdn a
recent study by Wanet al. (2020),microarray analysis identified microRN27a3p as a critical
factor within MSGEVs for immunomodulatiof’ Authors found a loss in MSEYV efficacy after
knocking downmicroRNA-27a3p packaging, concludg thatmicroRNA-27a3p is transferred
from MSCs to alveolar macrophageg EVs to drive cellular polarity. This finding adds to a
growing understanding of the mechanism by which MBS exert their benefits during ALI.
However, itis pertinent to note #i therearea large number of distinct biologically active factors
within EVs that may be contributing to their favorable properties in parallel. Other microRNAs
shown to play a role in attenuating lung injury include microRNA6p (antioxidative
effecs),28 microRNA-30b-3p (antiinflammatory and regenerative effe¢t®) and microRNA
146a (antinflammatory and preurvival effectsm a sepsis modelfF{gure 1.5).2%? Furthermore,
the transfer of crucial proteins and mRN#starget cells have also been implichtacluding
keratinocyte growth factg’®cyclooxygenase,?’*and angiopoietiri.?’? Aside from macrophage
polarization, studiealso reporthat MSGEVs promotepulmonaryangiogenesis in response to
microvascular injury?’ enhance lung epithelial repair to restore barrier fun@idand transfer

mitochondria tamprove cellular energeticg*
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Figure 1.5. MSC-EVs as a therapy for acute lung injury.

Biologically active factorsvithin MSC-EVs that have been shown to mediate beneficial effects
include microRNAs, messenger RNAs, proteins, and mitochondrial transfer. In preclinical animal
models, MSGEVs polarize macrophages from the M14mflammatory to M2 antinflammatory
pherotype, improve histological lung injury, reduce alvedaapillary barrier permeability, and
attenuate lung inflammation. Arig= angiopagitin-1, IL-10 = interleukinl0, KGF = keratinocyte
growth factor, PGE2 = prostaglandin.E®age adapteftom Tieu,Stewartand Lalu (2020%"°

In a humarex vivalung perfusion model of ischemraperfusion lung injury, MS&erived
microvesicles accelerated pulmonary fluid clearance, restored lung compliance and reduced
pulmonary pressurés® When ceadministered with a CD44 neutralizing antibody, all therapeutic
effects were suppressed suggesting an important role for CD44 in mediating pulmonary protection
by MSGEVSs. In a followup study, MSC microvesicles were investigated for thdicafy in
treating anex vivo human lung model afevereE. coli pneumonig’’ EV treatment attenuated
alveolar edema, erestablished the endothehapithelial barrier and reduced bacterial load.
Interestingly, preconditioning of MSCs with an immunostimulpatyinosinic:polycytidylic acid

produced MSEEVs with enhanced aninflammatory and antibacterial activity.
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1.14.7MSC-EVs: Clinical Potential with Translational Challenges

To date, there are 19 clinical trials of M&Y therapy for ARDS registered on
ClinicalTrials.gov. Two early phase trialSCT04544215NCT0460210% from China focus on
t he safety of oaslolnoegseon efiacr MSaCt ifieenxt s presenting
infection. Due to the COVIEL9 pandemic, an additional six trials are investigating the safety and
preliminary efficacy of MSEEVs for COVID19 associated ARDS NCT04276987
NCTO04491240 NCT0449322, NCT04798716 NCT04602442and NCT04657458 two of
which have since been completed. One trial with posted red@$0449124) indicates that
MSC-EV administration is not associated with adverse events. As compared to placebo, no
improvements in timeot clinical recovery were observed, although larger clinical trials are
required for adequate power to determine efficacy. The broad preclinical applicability of MSC
EVs have also led to clinical trials for a diverse number of diseases including diatsftesrgus
host disease, bronchopulmonary dysplasia, stroke and ophthalmic dig6tders.

Althoughmore investigators are now attempting to translate MESS from the bench to
bedside, these clinical trials may be premature. Like MSC therapy, inconsistencies in EV source
and culture conditions as well as retlandardized approaches for isolating aratatterizing EVs
have hindered interstudy comparisons and progress. There are many unanswered questions within
the EV field that need to be addressed to ensure resources are not wasted by attempting clinical
trials of poor rigor. For one, there is still monsensus on the optimal isolation technique to
efficiently and consistently produce EVs of high purity. Many studies baselessly claim their
product as fAexosomeso while disregarding the
greater understandinof whether therapeutic differences exist between EV subtypes is required.
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There is currently insufficient data pertaining to the pharmacokinetics of-EARC Moreover,

the biodistribution of EVs is known to be variable and dependent on cell source,ofoute
administration and disease of inter@8tvhich suggests that pharnokinetic studies are essential

to confirm tissue targeting. Identifying a pragmatic approach for dosing EVs, calculating effective
EV dosages and establishing the most efficient route of delivery are important considerations prior
to clinical use. Lastlyit is well recognized that the protective capabilities of MS@ can be
augmented through preconditioning and genetic engineering. However, a thorough overview of
the specific molecular mediators involved in M&W function is necessary for investigattos
accurately distinguish the most essential bioactive factor(s) to enhance EV efficacy. It would be
incredibly difficult to compare all the different EV techniques and intervention characteristics
within one study. Given the extensive number of artidies have now been published on MSC

EVs, metaresearch methodology offers one approach to coalesce all the current data available and

begin addressing some of these important issues to help advance the EV field.

1.15Systematic Reviewsaind Meta-Analyses in Pretinical Research

As with any new field of research, an overwhelming number of narrative reviews have
been published to discuss the therapeutic potential of-B%€ Many of these articles focus on
pre-specified studies and topics making narrative reviewsceptible to biass only select
information is consideretf?8 In clinical research, systematic reviews and ragtalyses are
relied upon asnethodsfor rigorous, reproducible, transparent and unbiased evaludffohisey
provide a robust overview on the therapeutic efficacy of new interventionsaamelp identify
points of contentiomvithin the field Importantly, incomplete reporting and inadequate application

of study design parameters in preclinical reseamsk recognized as contributors to
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irreproducibility over the past decatf&?® In conducting systematic reviews, an assessment on
risk of biags often completed, enabling usdetermineaspects of experimental design that require
greater attention tensure threats to validity are minimized

As our understanding of EV biology advances, establishing standardized, reproducible
techniques for sidying and defining EVs is critically important. However, there is considerable
heterogeneity in thecientificapproachexperimentaprotocolsand outcomes of EV studies. By
applying systematic review methodolo@n overview of the commonly applied te@jues can
help guide design of robust preclinical studMsta-analyses of outcomes in respiratory illnesses
may determine a more accurate estimate for the effectiveness ofBEMSCLastly, a
comprehensive assessment of the current methodology andnigadcfindings will identify
crucial knowledge gaps to help direct future research and hopefully accelerate the clinical

translation of this novel ceftee therapy.

1.16 Summary

Many of thetherapeutidoenefits observed from MSCs are thought to be mediated by the
secretion of EVs at the site of injury. Research into Mfe@Gved EVs as a celiee therapy is
growing at a rapid rate due tbeir potential for greater consistency and favoraitecessing
profile. By using a metaesearch approach, a comprehensive synthesis of current experimental
techniques, mechanisms of action and general outcomes can improve our insight on the function
of MSC-EVs. Determining whether MSEVs can be used as/eable therapy folung injuryand
understanding its biodistribution duridgd.l will generate a more complepecture on how and
when EVs should be administered for optimal efficAjth the SARSCoV2 pandemic causing

worldwide disruption to scientific pgress including my own research, a distinct objective was
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added to my thesis to help combat COVIB. My experience in preclinical modeling of ALI
helped design experiments to establish a novel, more widely accessible animal model of COVID
19 associated RDS. In turn, | hope my findings can facilitate a better understanding of COVID

19 pathogenesis and enable widespread investigation into new interventions.

1.17Objectives and Hypotheses
1.17.1COVID-19 Impact on Research Objectives

Given lab and campus closuresidgrthe COVID19 pandemic that caused considerable
delays to research, my thesis was updated to include dry lab pmoyetieng systematic reviews
and metaanalygswith a preclinical focus on MSEVs. These changes allowed me to maintain
productivity during the pandemic as | was able to pubtisi@emanuscripts (Objectiwel and 2
with an additional two manuscripts currently in preparation (Objectives 3 a@dijucting these
systematic reviewBavehelped me identifya considerable knowledge gapbiodistribution data
within the field of MSGEVs. Hence, Objective 3 focuses on determining the biodistribution and
kinetics of MSGEVs during acute lung injury. Lastly, we have also adale@bjective 4 which
involves a collaboration with Dr. Carolin&kdw (Ottawa Hospital Research Institute)develop

a novel mouse model @OVID-19 associatedRDS.

1.17.20bjective 117 An Analysis of MSC-EVs for Preclinical Use(Chapters 2 and 3)

Objective 1 is an exploratory analysis of M&¥'s in preclinical animal studée Using a
systematic review approadaimed to:(1) createa comprehensive evidence map of methodology
applied forin vivo studies evaluating MSEVs as an intervention, (2) determine the molecular
factors and cellular pathways critical for MEY efficacy, and (3) summarize preclinical

outcomes as a result of MSB/ administration.
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Rationale This study updatk and expaned onwhat was previously published by
Akyruekli in 2015212 At that time, only 17 studies were included, but the findings highlighted a
potential for EVs as a novel therapy. Since then, there has been an enormous increase in research

interest tanvestigate theéherapeutic propertieend biological mediatorsf MSC-EVs.

1.17.30bjective 21 Systematic Review andMeta-Analysis of MSG-EVs for Treatment of
Respiratory DiseasegChapter 4)

In Objective 2, itwas hypothesized that MSEVs will reduce injury, attenuate
inflammation and improve organ functidor preclinical ALI. Hence, | aimed to(1) conduct a
systematic review and megtanalysis of MSEEVs as therapy for lung conditions, (2) asgbes
risk of biss in MSGEYV preclinical studies, and (3) evalu#te quality of reporting in accordance
with the National Institute of HealthNIH) guidelines. lalso performed exploratorysubgroup
analyses to determine the effect of different EV characteristics op#uti@efficacy.

Rationale:Given the widespread number of approaches that can be used to study EVs,
there is no current consensus on which tissue source of MSCs, isolation techniques or EV subtype
result in greatest efficacy. Hence, a matalysiswas ugd to quantitively determine which
respiratory conditions, acute or chronic, can benefit from NESCadministration. Moreover,

subgroup analysdslpedelucidate the most efficacious interventraracteristics

1.17.40bjective 3i Biodistribution and Optimal T iming of Administration of MSC -EVs
During ARDS (Chapter 5)

In Objective 3, laimed to (1) characterize a mouse model Alfl, (2) determine the
optimal time to administer MSEVs for lung distribution, and (3) evaluate the kinetics and ergan
specific uptak of EVs during ALI. Itwashypothesized that lung distribution of MSEY/s will

begreatestluring heightened lung permeability anflammation.
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Rationale: There is increasing interest in the use of EVs as therapeutic afeftsut
little is known about the biodistribution of MSEVs especially during ALI. It is believed that
EVs commonly accumulate to the liver and spleen for clearance, with less distribution to the lungs
and other organs ibaseline (nofdiseasedyonditions.However, under a state of endothelial
permeability and inflammation, MSEVs may home to sites of injury and extravasate into

tissueg2%?

1.17.50bjective 41 Developing a NovelMore Accessible Model of COVID19 (Chapter 6)

In Objective 4, itvashypothesized that a SARSoV2 pseudtypedvirus will induce lung
injury in mice similar to COVIBR19 ARDS. The goals/ereto: (1) determine the optimal dosf
pseudovirus required to indukeang injury, (2) conduct a time course study to determine temporal
changes to animal weight, temperature and mortality, and (3) asgesemes of preclinical ALI
including histological injury anthflammatory response.

Rationale: A Containment Level 3 facility is required to study SARBV2.
Unfortunately these facilities arenly available at limited number of institutesround the world
Hence,bycr eat i ng a fps e ouRandiestablishing aovel ndus&8del of
COVID-19 ARDS, wecanprovide a more accessible method for researchers around the world to

investigate the pathophysiology of COVI® and evaluate new potential therapies.
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2.1 Abstract

Background: Over the past decade, mesenchymal stromal cells have been increasingly
investigated for their therapeutic potential in several different illnesses. However, cell therapy can
be limited by potentially serious adverse events including cell embolus formatidn
tumorigenesis. Importantly, the protective effects of mesenchymal stromal cells are largely
mediated by paracrine mechanisms including release of extracellular vesicles. This systematic
review intends to synthesize the current knowledge of mesenchstmoahal celderived
extracellular vesicles as a therapeutic option for preclinical models of disease, inflammation, or
injury.

Methods: A systematic literature search of MEDLINE, Embase, and BIOSIS databases was
conducted. Interventional preclinidal vivo studies using extracellular vesicles derived from any
tissue source of mesenchymal stromal cells will be included. Studies will be screened by abstract,
and fulttext by two independent reviewers. Eligible studies will undergo data extraction with
sub@ategorization into domains based on disease. Methods utilized for extracellular vesicle
characterization and isolation will be collected, as well as information on interventional traits, such
as tissue source of mesenchymal stromal cells (allogeneic ogesmeic administration), dosage
regimen, and vesicle modifications. Reported outcomes will be collected to determine which
research disciplines may be impacted most from treatment with mesenchymal strodexioed
extracellular vesicles.

Discussion: This systematic review will summarize preclinical studies investigating the
therapeutic efficacy of both small and large extracellular vesicles derived by mesenchymal stromal
cells. Extracellular vesicles represent a possibility to harness the benefitsesfaimgmal stromal

cells with added benefits of reduced manufacturing costs and an improved safety profile. Hence,
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there has been an exponential increase in interest for developing tHieeedterapy with
hundreds of preclinical studies published toeddtowever, a vast amount of heterogeneity
between groups relate to methods of extracellular vesicle isolation, characterization, and study
design. This review will capture this heterogeneity and identify the most commonly used and
optimal approaches to aate mesenchymal stromal egdlrived extracellular vesicle treatment.

A metaanalysis of outcomes within each disease domain will help elucidate which fields of
research demonstrate promise for developing extracellular vesicles as a nefrekdtibapy.
Summarizing this robust information on microvesicles and exosomes as an intervention can
provide guidance for designing preclinical studies with hopes of future clinical translation.
Keywords: Mesenchymal stromal cells, mesenchymal stem cells, exasomicrovesicles,

extracellular vesicles, systematic review protocol, preclinical
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2.2 Background

Mesenchymal stromal cells represent a subset of adultl&teroells which have been
extensively investigated for therapeutic potential in a variety of disgtases. Mesenchymal
stromal cells have been isolated from numerous tissue sources including: adipose tissue, umbilical
cord, and synovial membrah® and they can be derived from induced pluripotent stem.®lls
Their multilineage differentiation potentiain vitro expansive capacity, and ability for
immunomodulation has led to ngaB00 clinical trials involving septic shog¢k acute respiratory
distress syndrony@® and ischemic heart disea®&2°°In particular, mesenchymal stromal cells
have received approval as a therapy to treat graft versus host disease in New Zealand, Canada and
Japar?®®2%7 Cell therapies may be limited by potentially serious adverse events of cell embolus
and tumour formatiof®® Thus, there is immense interest in harnessing the therapeutic effects of
mesenchymal stromal cells in ways that avoid potential harms.

Mesenchymal stromal <cell sb6 effects are | ar
mesenhymal stromal celblerived extracellular vesicles may represent a safefreellalternative
to whole cell injections. Extracellular vesicles contain biologically active factors and signaling
molecules to facilitate intercellular communication. With oppaities for diminished
manufacturing and storage costs for extracellular vesicles, they can also be produced as a more
readily available "ofthe-shelf" product, as extracellular vesicles are more stable than whole cells
when cryogenically frozen. Reselrmto the development of cdllee therapies have focused
primarily on two types of extracellular vesicles, medilamge vesicles known as microvesicles,
and small extracellular vesicles, which include exosomes.

Microvesicles and exosomes are subsetgtodeellular vesicles that range from 15000

and 30150 nm in diameter, respective}? Both microvesicles and exosomes are prolifically
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produced by mesenchymal stromal cells and are believed to carry bioactive cargo, such as
microRNA, transcription factors, growth tacs, and other regulatory proteins that help mediate
their potentially efficacious propertié¥-*°*Extracellular vesicles may serve as ideal vesicles for
encapsulating therapeutic products, protect these products from degradation, and aid their delivery
to specific target tissues. The opportunity to introduce or manipulate the éxpressontents

inside extracellular vesicles (e.g. through overexpression of protective microRNAS) give rise to an
intriguing new domain of regenerative medicine.

The systematic review stemming from this protocol will synthesize current evidence on
mesechymal stromal celtlerived microvesicles and exosomes as therapeutic options in
preclinical models of disease, inflammation, or injury. A scoping review previously published by
our group systematically reviewed preclinical data on extracellular vesgkesa013 and found
that sixteen of seventeen preclinical studies demonstrated therapeutic benefits associated with
administration of mesenchymal stromal addfived extracellular vesiclé$® Subsequently, the
terminology surrounding extracellular vesicle research has matured and interest in studying
microvesicles and exosomes has increased exponentially, necessitativglaation of this body

of evidence.

2.3Research Objectives

We will review in vivo preclinical studies evaluating mesenchymal stromatdmived
extracellular vesicles as an intervention for any animal model of disease or injury. Our primary
objective will assess the methodology being utilized in these animal studiesingclgd)
interventional characteristics, (2) methods of extracellular vesicle enrichment and characterization,

and (3) experimental design. Given the expected heterogeneity of methods used (e.g. cell sources,
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isolation techniques, etc.) and outcomes asseasross various disease domains, a synthesis of
these issues is needed to provide context for any subsequeramabtsis. For our secondary
objective, studies will be categorized by disease domains with subsequesinalgtes of study
outcomes to detmine the therapeutic efficacy of mesenchymal stromateeiVed extracellular
vesicles in different conditions. Results of this analysis will help guide future preclinical studies

of extracellular vesicles and inform whether possible human partishaties are feasible.

2.4 Methods and Design
2.4.1Review Team

The team members for this systematic review encompass researchers across different
scientific disciplines. The team has expertise in systematic reviews (DAF, MML, JM, DSA), basic
science studies invegtting novel cell therapies (AT, MML, DJS, DSA), and translational cell
therapy trials (DJS, DAE°302303 A5 well, DB participated in development of the recently
published Minimal Informatiofior Studies of Extracellular Vesicles 2018 (MISEV2018) position
statement and provides considerable experience in this growing field of extracellular vesicle
researclt?’ The student leads for this project (AT and MS) have experience in both basic science
and clinical epidemiology and will be the two primary reviewers for article selection and data

extraction.

2.4.2Protocol

This systematic review protocol is reported in accordance with the Preferred Reporting
Items for Systematic reviews and M&taalysis Protocol (PRIMSAP) reporting guidelines
(Supplemental FileA1).2%* A summary of the protocol has been registered at the International

Prospective Registry of Systematic Reviews (PROSPERO CRD42019123918).

60



2.4.3Eligibility Criteria
Population: Inclusion- In vivo preclinical animal models of disease, organ injury, tumour
growth, or altered immune response. Exclusi&x vivq in vitro, and invertebrate animal
models will be excluded.
Intervention: Inclusion - Mesenchymal stromal ceflerived extracellular vedes
including microvesi cl es -15a0rmm). Bxinacelldar\esicke3 an d
can be derived from xenogeneic, syngeneic, or allogeneic mesenchymal stromal cells from
any tissue source. All routes of intervention administration will be comgldéencluding
direct tissue, intravenous and inigterial injections. Experiments involving pireatment
of mesenchymal stromal cells, -t@atment and/or genetic manipulation (e.g. ower
underexpression of genes) before extracellular vesicle tisolawill be classified as
Amodi ficationso f or sStwbieswhere pxtracalldar wesciessare E x ¢ |
not directly administered to animals as a therapy (e.g. used astragimnent for other
interventions) or investigated for their biadiisution will be excluded.
Comparators:Studies with any comparator (e.g. vehicle control, placebo, mesenchymal
stromal cells, fibroblast microvesicles) will be considered.
Outcomes: Inclusion T Studies that provide information regarding intervention
chalcteristics, methodologic approaches and experimental design parameters utilized in
studies will be included. For the purposes of a potential quantitative synthesis and meta
analysis, we will extract each st othgeds pr i
outlined in the study, the articlebs abst

outcome will be used for data extraction.
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Study Designinclusioni Interventionaln vivo studies with a comparataontrol will be
included. Studies may be @dwmized, pseudoandomized or nomandomized. Exclusion
T Unpublished grey literature, abstracts, review articles, editorials, and letters will be

excluded. Single arm interventional studies will also be excluded.

2.4.4Data Sources
We will search Ovid MEDLINE®QOvid MEDLINE® In-Process & Other Neindexed
Citations, Embase Classic + Embase, and BIOSIS from inception to present day. In addition, hand

searches of the bibliographies of included articles and relevant reviews will be performed.

2.4.5Search Strategy

The sarch strategiesSupplementaFile A2) to be used for this review will be generated
by a Health Sciences Librarian (RS) with experience designing systematic literature searches. A
second information specialist with no association to the project will elsew the strategy using
Peer Review of Electronic Search Strategies (PRESS) before the final search procedure is
executed?®3%The search strategy will utilize both calculated vocabulary and MeSH terms (e.qg.
mesenchymal stem cells, mesenchymal stromal cells, extracellular vesicles, exosomes,
microvesicle} acronyms (e.g. MSCs, microvesicles, extracellular vesicles), and MeSH terms with
alterations as required per database. Our previous search strategy published in 2015 was updated
to reflect evolving terminology in the extracellular vesicle féfdn addition, peclinical filters
will also be applied to improve search efficied€{?*® No search resttions will be created for

language or publication date.

2.4.6Study Records
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Data Management:Search results will be uploaded to Distiller Systematic Review Software
(DistillerSR, Evidence Partners, Ottawa, Canada). DistillerSR is an online software thatfatlow
improved transparency, reproducibility and accessibility for literature review.

Selection ProcessTwo reviewers (AT, MS) will independently screen titles and abstracts from
search results using the predefined inclusion criteria outlined abovébratan test involving a

set of 10 studies will be performed (AT, MS) to refine the screening question and ensure high
inter-rated correlationkappa>0.8), prior to formally commencing the screening process. For all
titles that appear to meet the inglon criteria or where there is any uncertainty, we will obtain the
full text article. Two reviewers (AT, MS) will assess the eligibility of fidkt articles. A
calibration test involving a set of 10 studies will be performed (AT, MS) to ensure aofitligh
inter-rater correlation. After every calibration test, the entire review team will be consulted to
resolve any issues concerning ftgkt inclusion. After refining the fullext screening criteria, a
formal screening process (AT, MS) will be commoed. Any disagreement will be resolved
through discussion with a thiglarty member (MML, DSA). Reasons for study exclusion at this
level will be recorded. There will be no restrictions on language. Articles eEnghsh text will

be translated by natvspeakers at the Ottawa Methods Centre.

Data Collection ProcessA standardized data extraction form will be designed by the review team
and uploaded onto DistillerSR. Information will be extracted independently and in duplicate from
each eligible studyXT, MS). Calibration exercises of 20 studies will be conducted, and the review
team will be consulted to refine the data extraction form. After commencing formal data
abstraction, any disagreements will be first discussed between two independent refAdwers

MS). If no resolution can be made, a thparty team member will be consulted (MML).
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Data Items: Broad categories of data items include: methods of vesicle separation and
characterizationTable 2.1), intervention details (e.g. tissue type of mesgnd stromal cell,
dose, route of administration, and timing of administration) (T2Rlg study characteristics (e.g.

study design, population of species, model of disease) (2Z&)leand preclinical outcomes.

2.4.7Risk of Bias Assessment

For each includedtudy, risk of bias assessments will be carried out by two independent
reviewers (AT, MS) using the Systematic Review Centre for Laboratory animal Experimentation
(SYRCLE) risk of bias toot'® The SYRCIE tool was adapted from the Cochrane Risk of Bias
Tool to assess the methodologic quality using criteria specific to animal studies. Items in this tool
include assessments for selection bias (sequence generation, baseline characteristics, allocation
conceément), performance bias (random housing, blinding), detection bias (random and blinded
outcome assessment), attrition bias (completeness of outcome data), and reporting bias. Each
parameter of bias for each included study will be scored as having aig¢gwphunclear risk of
bias. Any disagreements between the two reviewers will be resolved through discussion with a

third-party member (MML).

2.4.8Data Analysis

Before a metanalysis will be deemed appropriate to execute, the heterogeneity of
included studis will be assessed. A senior author (MML, DA, DB) will review the study
populations and study characteristics to judge presence of methodologic heterogeneity. If
sufficient homogeneity across studies exists, a taeddysis will be considered appropriate t
carry out. Continuous endpoints will be pooled using standardized mean differences with an
inverse variance random effects metAtic*?Dichotomous outcomes (e.g. mortality) from each

study will be pooled and described as risk ratios with 95% confidence intervals using the
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DerSimonian and Laird randosffects method (Comprehensive Mdtaalysis v3.1y%3
Statistical heterogeneity of effect sizes will be assessed using the Cothssaistic test'
Thresholds for interpretation ¢fare as follows: 040% (low heterogeneity), 360% (moderate
heterogeneity), 5®0% (substantial heterogeneity), and 780% (considerable heterogeneit})

If there is considrable heterogeneity (V¥500%), sources of heterogeneity will be explored

through subgroup and sensitivity analyses.

2.4.9Subgroup Analyses

Planned subgroup analyses includes intervention characteristics, such as tissue source of
mesenchymal stromal cells (elgone marrow, umbilical cord, adipose), size of extracellular
vesicles (e.g. small extracellular vesicles froral50nm, or medium/large extracellular vesicles
from 1501000nm), method of extracellular vesicle isolation (e.g. ultracentrifugation, tarigentia
flow filtration, size exclusion chromatography), and methods of vesicle characterization (e.g.
Western Blot, electron microscopy, flow cytometry). Additionally, studies will begsabped by

disease domain for preclinical outcome assessment.

2.4.10Meta-BiasesAssessment
Evaluation for publication bias and selective reporting bias will be conducted using a

funnel plot, generated by Comprehensive Meéta al yst, and Eg’%¥% 6s regre

2.4.11Knowledge Dissemination

Understanding that there has been a markedly heightened interest to evaluate the
therapeutic potential of mesenchymal stromal-delived extracellular vesicles, this review will
first assess the feasibility of conducting a rratalysis based on the finmumber of included
preclinical studies. If a feasible number of articles are included, our team will summarize the

methodology data and conduct a matelysis of outcomes. If the included number of articles is
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too large to feasibly perform multiple apsés in a single publication, a systematic review of the
overall methodology being used for vivo extracellular vesicle studies will be first published.
Subsequently, analyses for each disease domain with more details (e.g. risk of bias and outcome
measues) will be published as separate manuscripts inmeeewed journals. Finally, findings

will be disseminated through international conferences with basic and translational scientists to

help guide preclinical and translational study design of exttdaeNesicle therapy.

2.4.12Amendments
If any amendments to this protocol are necessary, the date and specific changes to the
protocol will be documented on PROSPERO with rationales as to why the alterations were

required.

2.5 Discussion

Our systematic review intels to identify and summarize preclinical studies investigating
the therapeutic efficacy of both small and large extracellular vesicles derived from mesenchymal
stromal cells. This work updates our previous study that captured studies through*2013
Although only 17 studies were included in the previous systematic review, a therapeutic potential
for this novel celfree therapy was evident for extracellular vesicles in multiple states ofdisea
and injury. Since then, many more research groups around the world have begun to investigate
extracellular vesicles, and they are well recognized to carry biologically active factors to mediate
the therapeutic effects of mesenchymal stromal cells. éeltudar vesicles represent a novel
investigative direction within regenerative medicine, especially due to a possibility to manipulate

packaged products (growth factors and microRNA).
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We anticipate that this comprehensive synthesis and-ametgsis of peclinical studies
assessing the beneficial or adverse effects of mesenchymal strorrdéroeddd extracellular
vesicles will generate valuable data to help guide future preclinical study design. If proven
favorable, the robust information on microvesscdad exosomes can hopefully determine whether
their therapeutic efficacy is clinically significant. More importantly, these findings can help

provide considerations of future translational human participant studies.

2.6 SupplementalFiles

Supplemental File Al: Preferred Reporting Items for Systematic review and Metalysis
Protocols (PRISMAP) 2015 Checklist.

Supplemental FileA2: Search strategy used for systematic literature search.
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Table 2.1. Isolation and characterization ofmesenchymaltromal cell extracellular vesicles

Question of I ntereExample Answers
Extracell ul ar Vesi cl eq
Exosomes
Mi crovesicl es

Ter mi nol ogy Used Smal l EVs

Large EVs

Mi croparticles
Small HWHnNnMmM3O
Large ENGO(QMM)
Both Used Together
Both Used Separately
Ultracentrifugation
Met hod of EV Enriclsolation Kit

Si ze of EVs

Tangenti al FI ow Fil tr {
Nanoparticle tracking
Dynamic |ight scatter

Tunabl e Resistive Pul
Western Blot (protein
Met hod of EV CharaFlow Cytometry (prote
ELI SA (protein content
Proteomics (protein c¢
El ecMirmmoscopy (morpho
Bradford/ BCA Assay
CD63 (seen in many EV
CD9 (seen in many EVs

Protein Markers UsCD81 (smal/l EV)
TSG101 (small EV)
Other (specify)

Cal nexi n

Negative Protein M
g Cytochrome C

Abbreviations: EVi Extracellular vesicle, ELISA Enzymelinked immunosorbent assay, BCA
Assayi bicinchoninic acid assay, TSG10ITumor susceptibility gene 101

Table 2.2. Interventional traits and dosage regimen of the extragllular vesicle therapy.
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Question of Interest

Example Answers

Storage of EVs

Frozen at80°C
Fresh / Fridge
Not Described

Tissue Source of MSCs

Bone Marrow
Adipose
Umbilical Cord/Wharton's Jelly

Animal Source of MSCs

Human Source
MouseSource
Rat Source

EV Immunocompatibility

Xenogeneic
Allogeneic
Autologous
Not Described

Modification of EVs

Unmodified
Modified MSCs Before EV Isolation
Modified EVs Directly

Route of Administration

Intravenous

Direct Tissudnjection
Subcutaneous
Intra-arterial

EV Dosage Units

EV Protein Amount
EV Particle Number
EV Dose Based on MSC Cell Count

Timing of First EV Dose

Postinjury induction (treatment)
Preinjury induction (prevention)

Number of Doses Used

Single Dose of EVs
Multiple Doses of EVs

Abbreviations: EVi Extracellular vesicle, MSC Mesenchymal stromal cells
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Table 2.3. Disease domains, preclinical models, and randomization.

Question ofInterest:

ANnswers:

What was the Disease or
Condition of Interest?

Brain (e.g. stroke, traumatic brain injury)

Kidney (e.g. acute kidney injury, chronic kidney disease
Lung (e.g. acute lung injury, pulmonary hypertension)
Bone/Joint (e.g. osteoarthritis)

Liver (e.g. hepatotoxicity, chronic liver disease)

Cardiac (e.g. myocardial infarction)

Cancer

Animal Model

Mouse
Rat
Pig

Were Animals Randomized?

Yes
No
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3.1 Abstract

Mesenchymal stromal cell-derived extracellular vesicles (MSEVs) can educe
infl ammati on, promote healing and i mprove org
freed therapy. Priiiscnticattosynthésizerexisting evidénceampseklinidali o n
methods and efficacy. To address these issuesusgd gold standard systematic review
methodology to consolidate information from all published animal studies investigatinggMSC
as an intervention. Systematic search of MEDLINE and Embase identified 206 studies. Data was
extracted in duplicate for metdology, experimental design, interventional tratedifications
and outcomes. MSEVs were used to treat a variety of diseasebdemonstrated benefis97%
of studies. Adverse effects were reported in only three studiegldmonstratingumor gravth.
A quarter of articles modified EVs to enhance efficacy with 72% leading to markedly improved
outcomes as compared to unmodified EMewever, several key methodological concerns were
evident.Only 60% of studies used nomenclatwensistent with theize definitions of EVs
Ultracentrifugation (70%) and isolation kits (23%) were the most common isolation techniques
despite differences in yield and purity. EVs wimeonsistentlydosed by protein (68%) or particle
concentration (16%). Twithirds of stuéks administered xenogeneic EVs suggesting
immunocompatibility. Less than 25% of studies asse&édiodistribution. Approaches for
determining size, protein markers and morphology was highly heterogeneous with only 12 and 4
studies meeting th#MISEV 2014 and 2018ecommendationsrespectively. Knowledge gaps
identified from this systematic review highlight important opportunities to improve preclinical
design and methodology in the rapidly growing field of EV therapeutics.

Keywords
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3.2 Introduction

Mesenchymal stromal cells (MSCs) are a subset of-tidalstem cells that can be derived
from a variety of tissue sourcegluding bone marrow, adipose tissue and umbilical cord, or even
differentiated from pluripotent stem cell populatidfs®l’ MSCs have been widely studied in
animal modelsand clinically due to their immunomodulatory capabilities. Despite enormous
interest, MSCs have only been approved for treating two conditions in a limited number of
countries: (1) graftersushost disease in Canada, Japan, and New Zealand, and (Bapkstalas
in adults with Crohnos di®Thia may reflecttthe teohnicalh e  E u
challenges faced in developing a viable potent cell product compounded by heterogeneity in
study design that has complicated regulatory appro¥&or example, postoc analysis from a
recent phase lla clinical trial of MSCs for treatment of acute respiratory distress syndrome
demonstrated a considerable range in cell viability from 36 to 88 Phis highlights the pertinent
difficulties in optimizing methods to produeeclinical grade cell therapy.

Interestingly, the beneficial effects of MSCs do not require cell engraffféitinstead,
MSCs achieve their restorative properties through paracrine mechanisms inthedgegretion
of extracellular vesicles (EV$§221527EVs are membranenclosed submicron particles released
by all cell types into the extracellular environmé&#tldentifying, amplifying and concentrating
the effectors of MSC therapy may serve as a feasible route for therapeutic development. By
packaging an assortment of biologically active factors (lipids, microRNgkowth factors,
regulatory proteins), EVs have been implicated as key modulators of intercellular communication
for physiological and pathological processes. Accordingly, they represent a possibility to harness
the therapeutic benefits of MSCs as a poédly cell-free cell therapy. EVs may be formulated as

an dJfhedHel fO intervention to circumvent many
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injections including cell viability, high manufacturing/storage costs, and fafcatch product
variability.

The International Society of Extracellular Vesicles (ISEV) has recently published
guidelines on the Minimal Information for Studies of Extracellular Vesicles (MISEVThe
authors encouraged the use of generic terminology including categorization of EVs by physical
characteristics. Research into the use of MfeGved EVs as a therapy have primarily focused on
two mgor subclasses: (1) mediumar ge EVs (more commonly referr
(2) smal | EVs (which include fiexosomeso) . It
subtypes of EV$!*22°The major distinguishing feature between medium/large and small EVs is
their approximate size distributioanging from ~156.000nm and ~3A50nm, respectivel§?’

EVs, whether small or large, can be created through the luddlicellular membrane,
enabling for encapsulation of cytosolic content of MSCs. Hence, many of the current markers
suggested for confirming their isolation are surface membrane proteins such as flotillin and
caveolin. Conversely, exosomes are a subclasmall EVs generated by coupling endocytosis
and exocytosis through the formation of multivesicular bodies, which corresponds to markers
related to intracellular trafficking and the endosomal pathway. CD63, CD81, TSG101 and
Alix). In addition to ternmology, size parameters and protein markers, the MISEV 2018 guidelines
highlight many other salient considerations necessary for drawing conclusions on the function of
EVs2?’ This updated ISEV statement reflects an improved understanding in EV biolbigy, w
has resulted in a consensus to promote meaningful changes to nomenclature and experimental
approach. Despite these recommendations, many aspects for how EVs are isolated, characterized
and administered remain highly variabléke all fields of preclnical research, more transparent

reporting of EV experimentation will ensure study validity, accurate findings, and reproducibility.
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The EMTRACK Platform was developed as an opportunity to centralize data with a goal of
standardizing EV researéfr.

Given the rapid growth of publications reporting on M&ived EVs, a synthesis of
published studies is needed to gain an objectiva@erstanding of which approaches appear
effective, and to identify barriers that hinder progression into human studies. We performed a
systematic review to analyze studies administering M8@ved EVs as an intervention for
vivo animal models of diseas Unlike narrative reviews which have potential for biased
perspectives, systematic reviews utilize -dedermined registered protocols to quantify and
summarize the current understanding on a new field of research and uncover areas that require
more indepth analysig®? By adhering to established eligibility criteria, predefining outcomes and
incorporating multiple independent reviewers, systematic reviews minimize bias and increase
reproducibility. Our group published a similar investigation in 2Ht5that time, weadentified
only 17 interventional animal studies involving MSferived EVs which did not enable a
comprehensive analysis of experimental approach or general eftiéadgw, five years later,
published research in this field has expanded significantly. This study prawié¢siled synthesis
on current evidence, methodologyudy desigrand outcomes EV therapeutics and evaluates
their consistency with the MISEV 2014 and 2018 guidelifid® mechanistic pathways and
specific biological factors proven to mediate the liers effects of MSCEVs were also
analyzedResults from this systematic analysis will help guide design of preclinical studies with
goals of producing robust evidence for future clinical translation of MS€ as a celfree

therapy.
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3.3Research Objectives

We reviewed and evaluated vivo preclinical studies using MS@erived EVs as an
intervention for any animal model of disease or injury. Specifically, we assessed the methodology
used in these animal experiments including: (1) interventional chasticigr{2) methods of EV
isolation and characterization, (3) experimental designl (4) EV modificationsAs well, we
summarized outcomes to evaluate whether MG are efficacious and, subsequently, which

disease domains may benefit most from thisapyer

3.4 Results / Discussion
3.4.1Study Characteristics

Applying a search strategy designed by an information specialist, a systematic search of
MEDLINE® and Embase databasgslded a total of 754 records. After level 1 screening of titles
andabstracts in duplicate, 523 records did not meet our eligibility criteria and were removed. The
remaining 231 articles advanced to level 2-fakt screening. Another 25 articles were excluded
to generate a final 206 articles that met our eligibilityecidt for data extraction and analysis
(Figure 3.1). A reference list for all 206 included studies can be found in Supplement&8iFile
The first published report investigating M&f@rived EVs as an intervention was published in
2009. This was the only &le published that year and assessed the therapeutic potential of
imi crovesicleso in a mo#8le20hip70 articlesonere publishede ki d
highlighting the increase in research interest for evaluating the therapeutic potential of MSC
derived EVsFigure 3.2). The largest proportion of studies were conducted in China (N=93; 45%),
the United States (N=47; 23%), Italy (N=10; 5%), South Korea (N=9; 4%), and Japan (N=8; 4%).

A majority of these studies received funding from only academic sources (N=170; 83%pgsvhere
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17 studies (8%) received funding from both academic and private sources, and 2 studies (1%)
received funding from only private sources. Seventeen studies (8%) did not report funding sources.
Supplemental FileB2 andB3 contain tables detailing individlicharacteristics including year of
publication, country of origin, intervention details, animal model used, and outcomes for each of

the 206 included studies.

3.4.2Experimental Model and Study Design

Over 90% of studies used rodent species (113 mouse st88ieat studies). A small
number of papers examined the effects of MB& in porcine (N=4; 2%), rabbit (N=2; 1%), dog
(N=1; 0.5%) or sheep (N=1; 0.5%) models, with no studies usinghnoran primates. MSC
derived EVs are being explored in a variety ofedises and conditionkigure 3.3). Renal
pathologies (N=32; 16%) have been most commonly studied with a major focus on treatment of
acute kidney injury. A variety of neurological conditions (N=25; 12%) have also been explored
including ischemic or hemoragic stroke, traumatic brain injury, and cognitive impairment
models. Twentyone articles (10%) treated musculoskeletal conditions througharttcalar
injections of MSGEVs in models of rheumatoid arthritis or osteoarthritis, oriEfdsed scaffolds
for bone regeneration. All 20 cardiac studies (10%) focused on ischemic injury established by
either temporary ischemia or permanent ligation of a coronary artery. Seventeen articles (8%)
investigated the regenerative capacity of M$eived EVs for acceletad and scarless wound
healing. With the liver (N=16; 8%) and lungs (N=16; 8%) being two common distribution sites
for EVs28032032%reatment of both acute.g.acute lung injury or hepatotoxicity) and chrorecy.
pulmonary hypertension or autoimmune hepatitis) states within each domain have been assessed.

Fourteen studies (7%)ssessed whether M&derived EVs promote or inhibit tumor growth.
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Seven studies (3%) highlight the role of EVs in completely distinct oculopathies including retinal

laser injury, glaucoma, or autoimmune uveitis.

3.4.3Methods of Isolation

Method of EVisolation has been an area of great debate with no current gold standard.
With specific focus on EVs derived from M&®nditioned media, differential ultracentrifugation
was the most widely described method (N=144; 7M®igure 3.4). Application of manufacired
isolation kits was the second most commonly applied method for EV isolation (N=48; 23%)
despite marked differences in yield and putititracentrifugation is known for generating EVs of
higher specificity ¢.g.different sizes of EVs can be isolategvarying spin speeds and duration),
but at the cost of lower yief#?324 Conversely, precipitation kitare recognized as a quick
approach for producing EVs at much higher recovery but with potentially greater
impurities?38-322325imilar findings were seen in a worldwide survey where more than 80% of EV
researchers udecentrifugation as their primary isolation technidtfedlthough most popular, the
generated centrifugal force and shear stress have been implicated to cause egggegation
and potentially alter morphology and functitf?3® More importantly, the inefficient yield by
ultracentrifugation creas a substantial limitation for clinical scaleup.

One technique that has gaimedentinterest is the tangential flow filtration (TFF) system.
TFF utilizes crossflow filtration and transmembrane permeation of fluids to create a purified EV
population. Tis method allows for adjustment of flow rateeliminatesedimentation stress, and
is less limited by maximum volumes, thereby enabling large quantities of media to be filtered. A
recent study demonstrated that TFF improved yield of small EV27pld compared to
ultracentrifugation and may isolate particles of greater pot&dQur findings demonstrate that
only a handful of published animal studies (N=9; 4%) used TFF for purification by membrane
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permeationFurther research is required to compare purity, molecular markens arud efficacy

of these TFFenriched EVs twther more commonly used methodsventy-two studies (11%)
incorporated ultrafiltration of media, many of which preceded the use of a subsequent technique.
Twelve studie$6%) used sizeexclusion chromatography to enrich their EV population. A variety

of other methods were applied as a standalone approach or in combination with other techniques
(Figure 3.4). Changes in method of isolation over time can be observed in Supplemental File B8.
Eight articles (4%) did not provide descriptions regarding isalagchnique, which is a crucial

detail to determine subtype.§.small or large EVs) and purity. After isolation, 10 studies (5%)
administered EVs immediately or from a refrigerated state, whereas 12 (6%) and 85 (41%) studies
froze their product for laterse at either20°C or-80°C, respectively. No description of EV storage

condition was provided in 103 studies (50%).

3.4.4Methods of Characterization

Approaches used to characterize MBEZs were even more variable than method of
isolation Figure 3.4). As endorsed in the MISEV 2018 documéatEVs should be characterized
by amount €.g. protein or particle concentration), at least 3 positive and 1 negative protein
markers, and 2 measures of single vesicle analysis (including electron or atomic force microscopy,
or non high resolution imaging techniqué®€)Only 4 published studies (2%) have met these
recommendations for describing their therapy. If we included studies that may or may not have
used negate markers but still reported at least 3 positive protein indicators, 29 (14%) met this
standard. Lastly, for studies that evaluated expression of at least 1 positkezwith or without
negative controls, 61 articles (30%) met these less stringéatiarilt is important to note that
many included articles were published prior to the 2018 recommendations. Hence, studies were
also assessed for their consistency with the MISEV 2014 guidéfhds.these previous
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guidelines, the ISEV suggested characterization bigast 2 positive and 1 negative protein
markers, and 2 measures of single vesicle analysis, with no recommendations for quaiiitation.
Twelve studies (6%) were found to satisfy these criteria.

Looking at each category individually, single vesicle analysis by etentrcroscopy €.g.
scanning, transmission, cryogengtc) or atomic force microscopy were detailed in 69% of
studies (N=142), whereas confocal microscopy was used in 6 studies (3%). Quantitation by particle
concentration was determined bgnoparticle tracking analysis (N=74; 36%) or tunable resistive
pulse sensing (N=16; 8%lrigure 3.4). Furthermore, 137 studies (67%) quantified total protein
amount by Bradford/BCA assay as either an independent or supplemental ettt many
artides providing both quantitative values, a minimal number of studies reported &tios (
protein:particle, lipid:particle, or lipid:protein) to estimate product purity as recommended by the
ISEV. When assessing protein marker expression, a majority usstek Blot analysis (N=123;
60%) or flow cytometry (N=59; 29%). A minimal number of studies selected other approaches for
protein analysis (ELISA kits (N=8; 4%), proteomics (N=5; 2%) or immunofluorescence (N=3;
1%)). As per the specific markers selectind tetraspanin family of surface proteins including
CD63 (N=129; 63%), CD9 (N=99; 48%) and CD81 (N=80; 39%) were the most prevalent.
However, choice of protein markers remains highly variable with 28 (14%) and 22 (11%) studies
opting to use TSG101 and Alirespectively, which are protein components of the endosomal
sorting complexes. Importantly, 41 studies (20%) did not provide details of whether any specific
markers were assessed to ascertain their EV enrichment.

Both the MISEV 2014 and 2018 consenstetements deem it is imperative to examine
negative protein markergd. nonvesicular proteins derived from the mitochondria, endoplasmic

reticulum, Golgi apparatus or nucleus) to demonstrate specific isolation of EVs. However, 90% of
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studies (N=185) di not provide descriptions of negative protein contriéigyre 3.4). Hence the
molecular mechanism of action behind M8€&rived EVs can be confounded by rspecific
cellular components within the isolated prod&ar studies that did report in accordarwith the
MISEV guidelines, calnexin (a chaperone protein of the endoplasmic reticulum; N=7, 3%),
GM130 (a Golgi membrane protein; N=6, 3%), cytochrome C (a mitochondrial membrane protein;

N=5, 2%), tubulin (a cytoskeletal protein; N=4, 2%), or apoliptgins (N=2; 1%) were used.

3.4.5Terminology of Extracellular Vesicles

Over the past two decades of EV research, our understanding of EV biology has advanced
significantly, thereby necessitating similar alterations in nomenclature. From the included animal
studi es, 125 (61%) t e r meFguret 315A).i Howevelh g7rofithege a s 1
studies (14%) did not provide egOb9 EBLS CH3hH, anal

Alix, TSG101, HSP70, or HSP9nother 54 studies (26%) described their intervention more

generally by the teran diccixes a(ckd %)ul ag fvmisd rcd \ees
as fAmicroparticleso, and 2 studies (1%) as
Amedi um/ | arge EVso0. When assessing the actual

described a size of 30000nm {.e. both small and medium/large EVs), 107 studies (52%) of 30
150nm, 7 studies (3%) of 18M00nm, and 3 studies (1%) reported using both small and
medium/large EVs in separate experimefigiyre 3.5B). A quarter of studies (N=51; 25%) did
not piovide descriptions detailing particle siZince small and medium/large EVs may vary in
their therapeutic effects and bioactive cat$fd?° evaluating size is critically important to identify
the subtype oEVs being administered as therapy.

As a next step, we sought to determine whethénas usecadequateromenclature for
their therapy based on the generally accepted size criteria for different EV subdypes (
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fiexosomegor small EVs ~3aL50nm; microvesicles or medium/large EVs ~IBDONm) Sixty-

one percenbf studies (N=125) wereotind to describe their EVsonsistent with these size
definitions(Figure 35C).For st udi es that used the term Aexoc
smal | EV range (N=92), 89 (97%) demonstrated
their EV product. The other 3 articles provided no findings of EV marker expression. Hence, we
may not be certain that their i nt er rThirg-ninei on i s
percent of papers either did not analyze EV particle size distribiNief8) or used nomenclature

incongruenwith their reported particle size distribution (N=35).

3.4.6Interventional Traits of MSC -Derived EVs

MSCs can be derived from a variety of different sources. Although the majority of studies
used bone marrow derived MS@$=103; 50%) Figure3.6) , bot h umbi |l i cal cor
(N=36; 18%) and adipose tissue (N=24; 12%) were also used by a number of investigations,
perhaps reflecting the relative ease of collecting these ti¥¥l&&esiumber of other tissue sources
for MSCs have also been studied including grabic stem cellslerived MSCs (N=12; 6%),
MSCs differentiated from induced pluripotent stem cells (N=8; 4%), synovial membrane (N=4;
2%), umbilical cord blood (N=3; 1%), gingival tissue (N=3; 1%), and renal tissue (N=3; 1%).

Species source of MSCs variasl well and included human (N=128; 62%), mouse (N=41;
20%), rat (N=32; 16%), pig (N=5; 2%), rabbit (N=2; 1%) and dog (N=1; 0.%%gucte 3.6).
Xenogeneic administration of EVe.§.a human source of MSEVs into animal models) were
reported in 136 studies (66%)majority of which demonstrated beneficial outcomes to reflect the
immunocompatibility of EVSThis quality is important for future clinical translation as autologous
application may not be required. Allogeneic administration was described in 70 studies (34%) and
only 2 studies (1%) used autologous transplantation of 8€; one for canine wound healing
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and the other for chronic kidney disease induced inBig€?Three studies (1%) did not provide

adequate descriptions to determine EV immunocompatibility.

3.4.7Dosage Regiment of MSEEVs

To inform potential future clinical translation, we summarized parameters of EV delivery.
The route of administration was highly variable. Nearly half of the studies administered EVs by
intravenous injections (N=68 by tail vein, N=25 at peripheral sites andhlyjdgular vein)
(Figure 3.7). Other routes included direct tissue injections (N=40; 18%,intramyocardial),
subcutaneous treatments (N=26; 13%, the majority of which were for wound healing experiments),
and intraperitoneal injections (N=12; 6%). Rethato EV modifications, 11 studies (5%) infused
EVs onto scaffolds for implantation. Six studies (3%) applied an intratracheal route of
administration for efficient lung distribution in models of respiratory injury. Three studies (2%)
did not provide angetails on route of administration, which is an important parameter in dictating
EV pharmacokineticse(g. bioavailability and distribution). Furthermore, less than a quarter of
studies (N=50) performeith vivo biodistribution experimentslhese investigains are required
to ascertain whether EVs reach the target tissue of interest, or if they have pleiotropic effects by
influencing multiple tissues and organs. New technologies have been developed to help elucidate
the pharmacokinetics of EVs including dhescent membrane labels for live or pastrtem
histological analysig®?32133333Hence, incomplete understanding of how much (if at all) of EVs
are reaching the target tissue of interest can hinder interpretation of results and impair future
translation.

Over twothirds of studies (N=139; 67%) injected a single dose of NESS in their
animal experiments wherea8 Studies (28%tilized multiple dosegFigure 3.7). For multiple
administrations, 2 (N=20; 10%), 3 (N=18; 9%) or 4 (N=10; 5%)edosere most frequently
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applied with many other studies injecting 5 or more doses (Supplementa#}.ileata regarding

the timing of administration for multidose experiments can be found in Supplement&4File

Nine studies (4%) incorporated both singlel multiple/repeated dose treatment protocols in their

study design. Two articles (1%) provided no description as to whether a single or multi dose

regimen was applied. The most heterogeneous parameter for treatment regimen remains to be

amount and unitef dose. Many studies opted to dose their EVs by absolute protein araaunt (

eg of EVs) (N=139; 6 7 %) or b & both aeprésenting geryc o n c e

distinct measures of quantificatiofor individualized protocolssome groups dosed ke

amount of protein (N=9; 4%) or particles (N=2; 1%) per weight of the animal. Even more complex

were studies that determined dosages by original cell count of MSfXthé¢ amount of EVs made

by one million MSCs in culture) (N=9; 4%) or by the amourE\ds made over time in cell culture

(e.g.total EVs made over 48h of MSC proliferation) (N=6; 3%nong those who used protein

or particle counts, the amount delivered waghly variable The exact dose of MSEVs

delivered for each study is outlingd Supplemental Fil&4. Twelve studies §%) provided no

description on the dosage of EVs usBatably, few studies(N=29; 15%) incorporatedose

response studie®©f the studies that did conduct dose analyses, 14 (48%) evaluated two different

doses, 10 () evaluated three doses, 3 (10%) evaluated four doses and 2 (7%) evaluated six

doses. The exact doses or range of doses for each study can be found in SupplemiBatal File
With regard to timing of EV ther apyo 185

whereby MSGEVs were administered post disease inductiogure 3.7). Thirteen studies (6%)

delivered EVs prior to established injury as a preventative therapy. Eight papers (4%) injected

therapy concurrently with disease induction and 9 papers (48éssed both prevention and

treatment protocols.
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3.4.8Modifications of MSC-Derived EVs

As engineered cell therapies have become more prominent in both preclinical and clinical
studies, we evaluated the prevalence of EV modifications including changes to gxptesssion,
knockdown/augmented microRNA packaging or administration of EVs with other biomaterials
(e.g.scaffolds, gelsetc). A majority of papers included administration of M&W's without any
modifications (N=176; 85%)Higure 3.8). Ninety-six articles (47%) evaluated the impact of
modifications or cdreatment of MSEEVs for a total of 124 distinct studies. Of these 124 studies,
83 alteredsourceMSCs before EV isolation (67%), 37 modified EVs directly (30%) and 23 studies
involved cainjection of EVs (19%)€.g.with cells, pharmacologic therapies, or inhibitors).

Forty-nine studies utilized MSC transfectitnansduction to induce overexpression
(N=23) or knockdown gene expression with shRNA/siRNA (N=gyure 3.8). Of the 49
studies, 20 altered the packaging of specific microRNAs into EVs (N=5 for knockdown, N=15 for
overexpression). Twentfive studies genetically modified protein expression to enhance EV
efficacy (N=8) or investigated mechanism of action through downregul&trti7). Interestingly,
the 143-3¢ protein was shown to be a key regul at
deposition. Knockdown of its expression abolished the therapeutics effects of EVs for cutaneous
wound healing® In a separate study, the importance o333 ¢ was furt her conf i
overexpression enhanced EV efficacy by activating cellular autophagy, promoting proliferation
and reducing apoptosis to prevent nephrotoxicityone study overexpressed hypoxia inducible
factor 1 al pha ( HI F1Uip vivo and 2astudies lgemeratet! MSE¥sn g i o0 g e
expressing a mutated, nondegr adanregenedtor®m of H
Two studies investigated the effects of altering Argon@wggpression, an essential protein of the

RNA-induced silencing complex required for binding and cleavage of targddAmRby
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microRNAs3%8:33% Attenuated Argonaet2 by siRNAs in MSCs allowed for global
downregulation and dysfunction of microRNA in E¥stheir impact Lastly, an important issue
with EV production is the limitation in MSC passaging and expansion. One atigigssed this
issue by transfectin/SCs derived from human embryonic stem cells with the Myc gene to
produce an immortalized cell populatitfiiEx o somes o from t hese MSCs r
a murine model of myocardial infarction. Hence, Myc transformation represents a possibility to
generate an infinite sote of EV production which is needed for clinical scaleup.

Thirty-six studies explored piteeating either conditioned media or EVs prior to their
administration(Figure 3.8). A majority utilized broad enzymatic digestion (N=13 for RNase, N=5
for proteinases) to determine whether RNA or protein packaging may be of greater importance for
EV efficacy. Twelve studies incorporated EVs onto scaffolds prior to their implantatibromet
study resuspending EVs in polyethyleneimine to augment scaffold adhesion. Five studies
incubated neutralizing antibodies or shRNA with EVs. One utilized soluble hyaluronic acid to
reduce EV incorporation, whereas Tamatal.( 201 7) mo diefoi esdu rif eaxcoes ame mb
with cationized pullulan to enhance biodistribution and immunomodulatory effects in a mouse
model of liver injury®*! Co-treatment of EVs with other componentsg inhibitors, cells,
antibodiesetc) were applied in 17 studieSpplemental Fil85).

Twenty-nine studies preconditioned MSCs prior to media collection and EV isolation
(Figure 3.8). Of these studies, 12 cultured MSCs under hypoxic conditions (N=1 at0%-Q
at 0.5% @, N=5 at 1% @, N=2 with cycles of anoxia/reoxygenation, and N=2 did not specify
degree of hypoxia). Hypoxic conditioning of MSCs is known to augment secretion of Etfseehri
with protective factorsn vitro. Accordingly, 5 of 6 studies that comparidvivo outcomes

between hypoxic and normoxic conditions demonstrated improved efficacy from administration
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of hypoxia derived EVs. Three studies found improved functionaloouwts (N=1 for spatial
learning/memory in a model of cognitive impairment, 0% R=1 for survival of fat graft, 5%

O2; N=1 for heart function, 0.5% 4 one of which also showed prolonged survival in a mouse

model of myocardial infarction. However, EVsrided from hypoxic conditioning of adipose

MSCs (1% Q) were inferior to normoxic EVs for alleviating the systemic inflammatory response,
respiratory insult or renal injury associated with preclinical septic sifédkuch like hypoxic
preconditioning, culturing MSCs with piinflammatory factors are believed to induce an -anti
inflammatory gene response in MSCs, thereby leading to increased packaging -of anti
inflammatory mediators in EVs. From our findings, 5 studies cultured MSCs with pro
inflammatory cytokines.g.TNF U-1 bl ENro )I, 3 studi es wit-lkel i popc
receptor 4 agonist), and 2 with polyinosinic:polycytidylic acid (Poly I:.C:-likdl receptor 3

agonist). EVs derived from piiaflammatory preconditioningemonstrated greater efficathan

unmodified E\s forin vivo outcomes in 5 studies)cludingimproved locomotor function after

spinal cord injury andincreasing survival during sepsi&>3*3 Conversely, two studies
demonstrated contradictory findings whereby LPSortFNcondi t i oni ng produce
markedly less effective at restoring nerve or kidney function, respecti?éf? Furtherstudies

are needed to determine tlaeal duratioriconcentration ofhypoxia and pranflammatory
preconditioningto maximize EV vyield and effectiveness. Other approaches for preconditioning
MSCs include ceulturing (N=2), hormone additives (N=1), herbal extract (N=1), brain tissue
extract(N=1), culturing on scaffolds (N=1), or supplementing media with nitric oxide polymers

(N=1) (Figure 3.8).

3.4.9Molecular Targets and Mechanistic Pathways Targeted by MSEVs
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There have been 113 published studies that either enhanced EVs (N=53; 47%) or explored
thar mechanism of actio(N=60; 53%) Figure 3.9A). A majority focused on specific protain
(N=34; 30% or microRNA (N=23; 20% targets by downregulating their expression in MSCs.
Furthermore16 studies utilized inhibitors/antagonists, 2 studies created a knockout mouse model
of miR-21a and miR223, and one study knocked out specificity protein 1 (SP1) in iPSCs before
differentiating into MSCs. From tlse modification studiesve synthesized tiredata togain a
better understanding of the mechanistic pathways beWMS8&€-EV therapeutics. The most
commonphysiologi@l pathwaysthat mediate efficacyvere inflammation/immunomodulain
(N=38; 34%), apoptosis (N=31; 27%), angiogenesis (N=24; 21%), cell proliferation (N=20; 18%),
tumorigenesis (N=13; 12%), fibrosis (N=11; 10%), cell migration (N=6; 5%), regeneration (N=6;
5%), and EV incorporation/biodistribution (N=5; 4%)idure 3.9B). From heat map analysis, a
difference is evident between the pathways targeted by studies of enhancements as compared to
EV mechanism Kigure 3.9B). EV enhancements most commonly focus on modulating
inflammation (N=25/53, 42%0or enhancement studigs. N=13/60, 22% for mechanistic studies)
whereas mechanistic studies concentrated on factors affecting apoptosis (N=11/53, 21% for
enhancement studies.N=20/60, 33% for mechanistic studies) or proliferation (N=2/53, 4% for
enhancement studies.N=18/60, ®% for mechanistic studiesfomparative studies are needed
to determine which of anthflammatory, antiapoptotic, or preproliferative factors are most
crucial for mediating EV efficacy.

Data concerning specific molecular factors associated with ph@nechanistipathways
were analyzedFigure 3.10). Inflammation: The microRNAs determined to enhance MBC
immunomodulation include m#223 (improved liver function), miR46a (improved survival

during sepsis), and milR81 (prevented liver fibrosis amattenuated burimduced inflammation).
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miR-223 and miRl46a in MSCEVs were further shown to be critical amflammatory
components and organ protective from knockdown experiments in preclinical polymicrobial
sepsisWith regards t@ntrinflammatorypo t e i n s , -16 GE rhdiif,chemdkine receptor

2 (CCR2), keratinocyte growth factor, angiopoiefin and vascular endothelial growth factor

(VEGF) are all possible targets to optimize EV interventidqgmptosismiR-223 overexpression

also attenuatedellular apoptosis, along with miRL and miR133 in rat models of intervertebral

disc degeneration and intracerebral hemorrhage, respectiagdyexpression ofritical proteins

that werefoundto significantly reduce apoptosis and improve organ functioo nc |l ude HI F 1
X-C motif chemokine receptor 4 (CXCR4), GA¥Aand143-3¢. VEGF, gl ut-at hi on
1, and miR30 may also be plausible enhancement targets as their inhibition led to abolished anti
apoptotic effects in bronchopulmonary dysplabiepatotoxicity and ischemi@perfusion renal

injury, respectively.AngiogenesismiR-126a overexpressed in synoviutarived MSCEVs

accelerated vascularization and wound closure in diabetic rodents, whereas suppressien of miR

210 eliminated the prangiogenic and antfibrotic quality of EVs. Echoing their anéipoptotic
effects, CXCR4 overexpr ess i-degradable chutatibh Fed 6 o v e r
augmented angiogenesis. Increasing exosomal packaging of protein kinase B (also known as Akt),

a knownregulator of cellular survival, promoted angiogenasis model oinyocardial infarction

which led to amarkedly improved left ventricular ejection fraction. Other angiogenic EV proteins
determined by knockdown studies include VEGF, extracellular maietalloproteinase inducer
(EMMPRIN),jaggedl (a <cruci al | i gand r e g-cateminesignalfing,r HI F:
and deleted in malignant brain tumors 1 (DMBT1) prot®iraliferation: Both Wnt4 signalling

and DMBT1 were confirmed to also be criccomponents for EWnediated cell proliferation.

Augmented levels of miR40 promoted cell division in rodent osteoarthritis and3-B4g
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improved kidney function in the setting of cisplaitiluced nephrotoxicityribrosis: miR-181 or
GATA-4 overexpressioin MSGEVs attenuated CClihduced liver fibrosis and cardiac fibrosis,
respectively. Moreover, the atfibrotic effects of EVs were aberrated after downregulation of
miR-210 or miR22 in permanent ligation models of myocardial infarctidmorigenesis
Targeted delivery of shRNA for oncogenic KRAS
markedly improved survival in multiple models of pancreatic cancer, in part due to-CD47
mediated evasion of host immune céfsAdministration of bone marrowerived MSGEVs
overexpressing miR46b and miR379 resulted in reduced tumor growth for malignant glioma
and breast cancer, respectively. Although increasing levels ofl@2Rn EVs did not result in
efficacy on its own, nR-122 induced a heightened sensitivity to the chemotherapy sorafenib.
Hence, a cdreatment approach led to significantly suppressed tumor progression. Lastly, MSC
EVs enriched with miRL24a was the only treatment to exhibit survival bengfitancer stdies

Fifty percent of mice were alive at 110 days. Histological analyses of brain tissue for glioblastoma
demonstrated a complete regression of tumors, indicating that mice were cured by the genetically

enhanced MSEVs 347

3.4.10General Outcomes and Benefits from MSEEV Modifications

Based on statistical significance in preclinical outcomes, studies were categorized as
demonstraig fibenef i cial 6, Ami xed benefitsd or Ano
improvements of all reported outcomes in animals treated with-EM&&€were reported in 166
studies (81%)Kigure 3.11A). Another 33 studies (16%) reported benefitstileast one (but not
all) of their findings, and 4 studies (2%) showed null effects from the delivery ofBABCThree
studies (2%) reported adverse effects. One of
islet-derived MSCs may carry autoagens to trigger activation of autoreactive B and T cells
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involved in destruction of insulip r o d u @ells?*§ To investigate the role of EVs in tumor
progression, two studies injected EVs intratumorally in xenograft mouse models of human renal
cell carcinom*® or nasopharyngeal carcinorftd A marked acceleration in tumor development
and size was observed which was attributed to vesicular transfer of mé=iNefpatocyte growth
factorf*° or peptide €.g.fibroblast growth factory°° More research is required to discern whether
MSC-delived EVs are truly beneficial or detrimental in the setting of cancer.

Over 40% of the modification studies (N=53) were designed with intention of enhancing
therapeutic efficacy. Studies were categorized based on the proportioniwd outcomes that
were statistically improved from administration of modified ME@s as corpared to unmodified
MSC-EVs (Figure 3.11B). These categories included: (1) improvements observed for \ailo
outcomes (N=18; 34%), (2) mdstvivoout comes ( O50% of reported
somein vivo outcomes (<50% of reported findings), (N=7; 13%), (4) equal efficacy (N=2; 4%),
(5) worse outcomes with modified EVs (N=3; 6%), or (6) unclear / no comparative studies (N=10;
19%). Functioal data was also extracted and 21 studies exhibited markedly improved organ
function after treatment with enhanced EVs including attenuated liver enzymes, reduced serum
creatinine or blood urea nitrogen in kidney injury, accelerated wound healing, immanctac
contractility, and suppressed tumor growth. Five studies also demonstrated significant survival
benefits from enhanced EVs compared to unmodified EVs. Importantly, 5 studies that reported
improvements to mosh vivo findings did not observe theusie benefits from EV modifications
when evaluating functional outcomes, although still significantly improved when compared to
vehicle control. Lastly, 3 studies observed worse functional data upon administration of altered

EVs as compared to control EVISnvo of these studies attempted to precondition MSCs with IFN
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92 or LPS and one study cultured MSCs wunder
benefits in the setting of sepsis.

Despite a majority of studies reporting beneficial outcomes, potentiates of bias were
recognized in many reports. With regards to bias intrinsic to the study design, only 42% (N=87)
of studies incorporated randomizatidiurthermore, the overwhelmingly positive findings (97%
of articles reported significant benefitsahleast one outcome) suggest publication bias. Our study
indicates that only 1.9% (N=4) of studies demonstrated null effects from administration ef MSC
EVs. These results are similarly observed in a previous study that shows publication bias to be
highly prevalent in animal experiments of stroke (1.2% reported no significant befréfits).

There are limitations in our methodological design that we hope to address in future studies.
First, we have categorized outcomes by complete, mixed or null benefits. It was initially planned
to conduct anetaanalysis of primary outcomes. However, the number of includeteikilarticles
after screening was significantly larger than the last systematic réviamd varied across
numerous disase states. Hence, we decidiedirst focus on experimental approactudydesign
and mechanism of action behind EV theraptudies have been subcategorized by disease domain
and future metanalyses within each domain will quantitatively evaluate thelitions that may
benefit most from MSEEVs. In addition, subgroup analyses by methodology varialdes. (
species/tissue source of MSCs, culture conditions, isolation technique, EV subtypes,
modifications, dose, disease) will be conducted to elucidategtimal methods for EV efficacy
A second limitation is the lack of assessment on risk of bias (aside from randomization) or quality
of reporting. It has become apparent that rigorous methodology in preclinical study design is

lacking, which may be a sme for the poor translation of promising therapies from bench to
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bedside’®%3%* Future systematic reviews will look closely at important factors that affect bias and

quality of reporting*'®

3.5Conclusions

Our systematic review highlights a growing interest to develop {d&®ed EVtherapy.
However, nomenclature, experimental approach for isolation and characterization, interventional
traits and treatment protocols were found to be highly heterogeneous. Despite this variability,
beneft across all measured outcomes were reportetli%mn & studies and improvements in at least
one outcome in 97% of studieSompared to unmodified MSEVs, EV enhancements led to
improved outcomes, organ function and survival in 72% of stubfieszover, benefits from this
cell-free therapyareillustrated in diseases spanning all organ systems with completely disparate
pathophysiology. These findings suggest that Mig@ved EVs have the potential to treat
conditions across a variety of diseases with minimal adverse effects.

As with any new field of reseeh, a large number of narrative reviews have been recently
published to discuss the therapeutic potential of Migfived EVs. Many of these articles focus
on preselected studies and preferred topics thereby increasing susceptibility to bias unleks carefu
examination of all available information is consideféd®3 A recently published narrative review
summarized current trends in preclinical experimentation of M&®ed EVs, suggesting some
of the same heterogeneity observed in our find#g$n our study, however, we used a
methodologically rigorous systenmatreview approach to develop a detailed analysis on
methodology, interventional detailsritical pathways/molecular factoesd overall efficacy of
MSC-EVs in all animal studies published to date. By following gold standard practices of

systematic review (e.g. registering a protocah priori and having prelefined questions and

96



outcome assessments) our study provides a robust and objective analysis of EV research.
Moreover, this approach has identifiegpportunities for future development as@ynificant
knowledge gaps that require greater attention. First, the exceedingly high rate of positive results
indicates a strong publicatioWrhaiwaes dwietf iiectt h
(i.e. negative and null results are stored awayl amever disseminated); we hope that EV
researchers can find forums to share negatigalts as this will only help advance the field. In
addition, greater standardization of nomenclature is required to permit between study comparisons
as different subfyes of EVsé.g.medium/large EVs, small EVs or exosomes) may exhibit distinct
therapeutic effects. According to size criteria, 35 articles imeethsistenterminology to describe
their therapy. This is | i kelcgrsistemcy int red eni entl iorgay tc
was liberal and did not incorporate methods of isolation or expressitexosomad markers.

Equally problematic was our finding that 51 articles did not provide details of particle size analysis.
Future studies should alsonsider providing a better understanding of the pharmacokinetics and
tissue specific distribution of MSEVs. This information will be critical to optimize dosage and
delivery. Finally, numerous articles were found to have inadequate or no descriptieasdos
experimental procedures. Only 12 and 4 studies met the MISEV 2014 and 2018 reporting
guidelines, respectively. Compounded with the high heterogeneity in EV research methodology,
we encourage more transparent and complete reporting of meth@d®ekoydthis rapidly growing

field. Irreproducible findings in preclinical research are estimated to exceed 50% leading to a
substantial economic waste in resources. Inconsistent reporting of experimental design has been
attributed as a critical facté#®28%3%¢The MISEV guideline represents a meaningful way for EV
researchers to demonstrate validity in experimental design and detailed methodology for

reproducibility. Developmendf the online EVTRACK Platform has enabled researchers around
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the world to submit their experimental approach and receive a metric on their completeness of
reporting?*® The robustn vivofindings from our systematic analysis may help create a preclinical
extension of EVTRACK and incorporate information of target molecules and cellular pathways
that enhance EV efficacy.in the abundant choices available when designing animal studies
(e.g.animal model, species/tissue source of MSCs, techniques for isolation/characterization, dose
and many othershmproved reporting will facilitateigorous comparison of techniques necessary

to determine the most efficient and effective approaches before investing considerable resources
into clinical studies. Greater attention to these issues identified by our systematic analysis may

accelerate the translational process of EV therapies.

3.6 Methods / Experimental
3.6.1Systematic Review Protocol and Registration

Our protocol was registered in the International Prospective Registry of Systematic
Reviews (PROSPERO CRD42019123918) and has been pubitéReghorting of this systematic
review followed the Preferde Reporting Items for Systematic Reviews and NMatalysis
(PRISMA) guidelines (seBupplemental Fil&6).3’
3.6.2Eligibility Criteria

Eligibility criteria were createa priori to guide decisions as to which articles would be
included for fulltext data extraction. Predefining our population, intervention, comparator,

outcome and study design (PICOS) parameters is a standard appppéed an systematic

reviews to allow for objective, reproducible analysis.
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Population: We included anyn vivo animal model of disease, organ injury, or altered
immune response. Studies involvihg vitro, ex vivqg or invertebrate preclinical models were
excluded from data extraction.

Intervention: Studies investigating the use of EM&sg. small or large EVs, exosomes,
and/or microvesicles) derived from MSCs of any tissue source were included. Administration of
EVs to animal models of disease were xemegg allogeneic or autologous. MSCs or EVs were
unmodified, preconditioned, modified €.g. gene transfected, protein or microRNA
overexpressioretc) or administered as a-tmeatment with another therapy. Studies where EVs
were not directly administedento animal models or were studied for ftberapeutic effectse(g.

EV contribution to tumour growth, biodistribution experiments) were excluded from this
systematic review.

Comparator Preclinical studies with any comparator were included.{ehicle control,
fibroblasts, fibroblast EVstc).

Outcome: Data pertaining to interventional traite.q. tissue source of MSCs, dosage
regimen, modificationsetc), methods of isolation, characterization, experimental design (
randomization, biodistriltion experiments), and overall direction of all reportedvooutcomes
were collected.

Study DesignAny controlled comparison interventional study was included. Experiments
were randomized, pseudandomized or nonandomized in design. Unpublishecky literature,
abstracts, reviews, commentaries and editorials were excluded from this systemati¢¥eliew.

Single arm interventional studiese( uncontrolled studies) were excluded.

3.6.3Search Strategy
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A search was conducted using the following databases: Ovid MEDLINE®, Ovid
MEDLINE® In-Pracess & Other Noiindexed Citations, Embase Classic + Embase, and BIOSIS.
All search strategies were produced by an information specialist (Risa Shorr, Learning Services,
The Ottawa Hospital) with expertise in systematic literature searches. A secondatidorm
specialist validated the search strategy using Peer Review of Electronic Search Strategies
(PRESSY)® Controlled vocabulary, MeSH terms.¢. mesenchymal stem cells, mesenchymal
stromal cells, extracellular vesicles, exosomes, microvesicles) and acraangmd3Cs, B/s,
MVs) were used and adapted accordingly for different databases. Filters specific for preclinical
animal studies were applied. No articles were excluded for language or date of publication. The

complete search strategy can be reviewesuipplemental e B7.

3.6.4Study Selection Process

All records obtained from the search strategy was uploaded to the Distiller Systematic
Review Software (DistillerSR, Evidence Partners, Ottawa, Canada), a program for literature
review with enhanced transparency ameglicability. For level 1 screening, two independent
reviewers examined all titles and abstracts for adherence to the proposed eligibility criteria. For all
records that were deemed eligible after level 1 screeningtefdllarticles were uploaded to
DistillerSR for further review. A calibration exercise involving a set of 10teut articles was
completed to confirm high inteater correlationkappa> 0.8) before level 2 fultext screening
was conducted in duplicate (AT, MS). Any disagreements leztweviewers were resolved by a
senior member of the team (MML or DSA). An overview of the study selection process is

represented by a PRISMA flow diagrgfigure 3.1).

3.6.5Data Extraction
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Standardized data extraction fasnweredesigned by the review team amploaded onto
DistillerSR to facilitate data collection. Before starting data extraction, a calibration exercise
between two independent reviewers (AT, MS) from the first 20 studies was completed to ensure
consistent data extraction. All information calied was compared between both reviewers and
any conflicts were resolved before summarizing the data. Data was collected on general study
characteristicsg.g. country of corresponding author, year of publication, funding souete},
and the following dta items: (1) interventional characteristics, (2) methodology used for EV
enrichment and characterization, (3) experimental de§yrEV modificationsand 6) treatment

outcomes.

3.6.6Interventional Characteristics

Intervention details includenformation regarding type of EV administerezld. small,
large or both EVs), animal/tissue source of MSCs, route and number of administrations, dosage
units, and timing of treatmenthe generally accepted size criteria for EV subtypaséxosomes
or small EVs ~38150nm, microvesicles or medium/large EVs ~I®00nm) was applietb
determinewhether authors utilizedonsistenterminology to describe their therapy. Although the
ISEV advises researchers to use broader terms such as small or large Evssidered the term
iex os omeconsisttrd fber AEVsSs | ess than 150nm in diam
may have been published before the MISEV 2018 guidelines. For studies that describe their
intervention as e x o sembarsldOnin,dhis woulel peccatdégerided as s i z
aninconsistenuse of terminology. Articles that used contradictory terms interchangeably (

Afexosomeso and fAmi cr ov e miosistensise pf tewnenology. c at egor i

3.6.7EV Methodology, Intervention Details and Modifications
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Data pertaining to experiment methodology included techniques for isolation, approaches
to characterization, and choice of selected protein markers. Study design details include disease or
condition of interest, type of animaiodels, treatment/control groups, descriptions of
randomization, and biodistribution experime@8idies involving modified EVs were categorized
into modifications before EV isolationd. preconditioning or MSCs, transfections/transductions,
isolating MSCs from knockout cells, tissues or animals), modifications to EVs diraatly (
preconditioning EV suspension, implanting EVs onto scaffolds),-amjeotion of EVs with other
agents. The biological target and specific molecular factor for each saslgxtracted. Studies
were subdivided by reason for modification including investigations for EV enhancements or
mechanism of action. Lastly the physiological pathway targeted by EV modifications were
determined by evaluating al vivo outcomes and reweéng the results/discussion from each
article. Cellular processes targeted by EV enhancements were compared to mechanistic studies

and represented by a heat map.

3.6.8Study Outcomes
Study outcomes were determined by thorough assessment of all results arsd Kii@e
EVs were deemed as fibeneficialo if al | repor
i mprovement in the intervention group. nMi xe
one outcome having no significant changes compared toocbnifr wher eas fAno ben
articles reporting no differences in all outcomes when comparinggBFI$& t o cont r ol
effectso are studies t hatEVadnnstraioee.d wor se outc
The benefit of EV enhancement was determined byuatialg whethem vivo outcomes
were statistically improved by modified EVs as compared to unmodified EVs. Studies were
categorized by i mprovements to fAall reported
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Asome reported outcomeso AwosGB%W)o, iffequiano da fffiiea
greater efficacy, or fiunclearo i f studies did
All extracted data from included articles are presented as frequencies, proportions or

percentagesStudies may have used mplg techniques and interventions, either in separate
experiments or in combination. Hence, the cumulative percentage may be greater than 100%, and
the number of studies for a given data iteng (solation technique) may be greater than the total

number ¢ included studies (N=206).
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The supporting information is available online free of charge. The supplemental files
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interventional details, Supplemental A8 describes outcomes and animal models, Supplemental
File B4 details dosage data, and SupplemeBfabescribes modification data of MSferived
EVs.Supplemental File B6 features our PRISM@AecklistandSupplemental Fild7 features the
search strategy implemented for the systematic literature seéastty, Supplemental File B8
indicates the method of EV isolation used per year.
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2.

3.
4.

Therapy not administered to animals (N=7)
Extracellular vesicles not used as an
intervention (N=9)

Repeated full-text article (N=6)
Extracellular vesicles not derived from
mesenchymal stem cells (N=2)

Full text unavailable (N=1)

Figure 3.1. Preferred Reporting Items for Systematic Reviews and Met&nalysis (PRISMA)
flow diagram detailing study screening and selection.

106



Number of Studies / Total Articles
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Figure 3.2. Number of preclinical MSC-EV publications.

Number of preclinical animal studies published per year investigating mesendtyonadlcell-

derived extracellular vesicles as a therapy. Values are normalized to total number of PubMed
articles published per year. The number of M&€Cived EV studies plished in 2018 is
extrapolated from the total number of included studies until May 2018 (the end of our search date).
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Number of Studies

Figure 3.3. Disease domains of preclinical MSEEV studies.

The disease domains thadve been evaluated for therapeutic efficacy of mesenclstnoahal

cell-derived extracellular vesicles (MSEVs). The category fotherso rep
conditions including intervertebral disc degeneration, spinal cord irpamngreatic disease, hair

growth, nerve injury, angiogenesis, ischemia, and others. Articles were included under multiple
disease domains if they included more than one condition.
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Answers Number of Articles

Question of Interest

Ultracentrifugation | 144]
Isolation Kit 48
Ultrafiltration [ 22
Size Exclusion Chromatography [ 12
. Tangential Flow Filtration []9
b 0] G Y (SRR Density Gradient Ultracentrifugation [15
Flotation on lodixanol [3
Sucrose Cushion [2
Hollow Fiber Membrane [1
Not Described [18
Nanoparticle Tracking Analysis (Size) |74
Dynamic Light Scattering (Size)[___|25
Tunable Resistive Pulse Sensing (Size) [1]16

No Size Analysis )51
Western Blot (ProteinContent)[_____ ]123
Method of EV Flow Cytometry (Prote!n Content) L 59]
Characterization ELISA (Protein Content) []8
Proteomics (Protein Content) [I5
No Marker Analysis ] 41
Electron Microscopy (Morphology) 142 |
No Morphology Analysis Ein]63
Bradford/BCA Assay | 137
Other [L]15
No Description of Any EV Methods [ 8
CD63 | 129]
cboL.. ]9
CD81 L] 80
TSG101 28
Alix o 22
Integrin Beta 1 or 2 L] 18
. Flotillin-1 9
Protein Markers Used HSP70 W9
Lamp 1 or 2[]4
Integrin Alpha V, 2B or M |2
HSP90 [2
Syntenin-1|1
Annexin V|1
Not Described | 41
Calnexin |7
GM130 6
Cytochrome C [|5
Tubulin |4
Apolipoprotein |2
Others 16

Not Described oo 185 |

Negative Protein Markers

Figure 3.4. Methodology ofpreclinical MSC-EV studies.

Overview on methods of extracellular vesicle (EV) isolation and characterization from all 206
articles. The specific positive and negative protein markers being used were recorded. Studies

could have incorporated more than omethod within each domain.
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Figure 3.5. Overview on nomenclature from 206 included articles.

(A) The terminology used by authors to describe their extracellular vesicle (EV) therapy was
recorded(B) Size ascription of EVs was also extract€@.) Sudies were categorized as using
terminologyfi ¢ 0 n s iormsfiti ennctoon with sizealisttibation (exosomes or small EVs =30

150nm, and microvesicles or large EVs ~I8®0nm). Fortyeight studies were not able to be
categorized foronsistencyin terminology as no details in EV size were reporfaticles that

used terms interchaegbly €.9g. iex o s omes 0 and Ami crovesicles

bY

Al nconsi stent 0.
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Answers Number of Articles

Question of Interest

Bone Marrow | |103
Adipose [ ]36
Umbilical Cord/Wharton's Jelly ] 24
Embryonic Stem Cells 12
Induced Pluripotent Stem Cells []8
Synovial Membrane [ 4
Tissue Source of MSCs Umbilical Cord Blood | 3
Gingival Tissue (3
Renal Tissue||3
Amniotic Fluid 2
Placental Tissue|2
Others[l]10
Not Described | 1
Human Source 1 28|
Mouse Source|  |a1
Rat Source[___|32

Pig Source[]5
Rabbit Source |2
Canine Source |1
Not Described |1

Animal Source of MSCs

Xenogeneic | 136
EV Immunocompatibility Apﬂtlg?ozr;‘ﬂ‘s’

Not Described [2

Figure 3.6. Overview of interventional details for administered MSCEVSs.

The tissue and animal source of mesenchystramalcells (MSCs) were extracted from 206
included articles. As well, the immunocompatibility ektracellular vesiclesHVs) were
determined by comparing the animal source of MSCs to animal model of disease. Articles may

have utilized EVs from more than ongirmal and/or tissue source.
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Question of Interest Answers Number of Articles

Intravenous ] 97
Direct Tissue Injection i 40
Subcutaneous L 26
Intraperitoneal ] 12
Implanted (e.g. Scaffolds) 11
Route of Administration Intratracheal ] 6
Intra-arterial |] 6
Intramuscular ] 6
Intrasplenic |3
Other[J7
Not Described |3
EV Protein Amount [ 139]
EV Particle Number[___]32
EV Protein Per Weight of Animal []9
EV Dosage Units EV Dose Based On MSC Count[l]9
Number of Evs Made Over Time[]6
EV Particles Per Weight of Animal 2
Not Described [1]10
Post-injury Induction (Treatment)| 185 |
Pre-injury Induction (Prevention)[ |13
At Time of Injury[] 8
Both (Same Study)] 2
Single Dose of EVs] 139 |
Multiple Doses of EV L] 58
Number of Doses Used Both (Comparative Study) |4
Both (Separate Study)[l4
Not Described |2
Yes L]29

Dose-Response Studies No | 177]

Timing of First EV Dose

Figure 3.7. Overview dosage regimen of administered MSEVSs.

Details pertaining to route of administration, units of dose used, number of doses, timing of
administration and prevalence of dassponse studies was extracted from 206 articles. Studies
may havemay have incorporated more than one route of administration
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Answers Number of Articles

Unmodified | 176]
e Modified MSCs Before EV Isolation [ ]83
Modification of EVs Modified EVs Directly [l 37
Co-injected with Another Treatment QB
. siRNA or shRNA Targeting Proteins [ |27
?22933232?::3:43; microRNA Targets []20
Protein Mutations |2
RNA Enzymatic Digestion [_]13
Scaffold Implantation 12
EV Preconditioning (N=36) Protein Enzymatic Digestion |5
Incubation with Antibodies or shRNA []5
Hyaluronic Acid |1
Hypoxia [_]12
Pro-Inflammatory Cytokine [J5
e _ Lipopolysaccharide |3
MSC Preconditioning (N=29) . ;. . inic:Polycytidylic Acid (Poly I:C) 2
Co-Culturing with Cells |2
Others [ 5

Question of Interest

Figure 3.8. Overview of studiesthat incorporated modifications to MSC-EVs.

Type of modiciations were subcategorized by MSC transfections/transductions, preconditioning
of EVs before administration, or preconditioning of MSCs before EV isolation.
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Figure 3.9. Analysis of preclinical animal studies involving modified MSCEVs

(A) Modification studies that explored mechanism of action (N=60) compared to enhancements
(N=53). (B) Heat map displaying the most targeted pathways by studies ofoEM aations.

Studies of enhancement more commonly focused on immunomodulation, whereas mechanistic
studies favored the ardpoptotic and prproliferative effects of MS&lerived EVs
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Mesenchymal Stem Cells

Vesicles
| | | | |
[Angiogenesis] [ Apoptosis ] [ Inflammation ] [Tumorigenesis] [ Proliferation J
miRs Proteins miRs Proteins miRs Proteins miRs Proteins miRs Proteins
Akt . GATA4 _ HIF1a miR-21 14-3-3C
miR-21 q
miR-126a |HIE1Q HIF 1o miR-223 5 o R223 | KRAS miR-140 | Wntd
Py miR223 | XSRS R-1460 2 miR-1330 DMBT!
CXCR4 14-3-3¢ e T _ cD47
VEGF miR-133b | cPx-1 ] Ang-1 miR-30
miR-210 Emmprin : VEGE miR-181 VEGF
wnitd miR-30 SuETT
DMBT1

Figure 3.10. Overview of the microRNA and proteins that were demonstrated to be critical
for MSC-EV efficacy.

Analysis of 113 animal studies investigatingSC-EV modifications. The most commonly
targeted cellular pathways by EVs wengi@genesis, apoptosis, inflammation, tumorigenesis and
proliferation. miR = microRNA; Akt = protein kinase B; HIF = hypoxia inducible factor; CXCR4
= C-X-C chemokine receptor type 4; VEGF = vascular endothelial growth factor; DMBT1 =
deleted in malignartirain tumor 1 protein; GPX1 = glutathione peroxidase 410L= interleukin

10; CCR2 = GC chemokine receptor type 2; KGF = keratinocyte growth factor;-Anrg
angiopoietin 1.
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Figure 3.11. Analysis of autcomes from MSGEV studies.

(A) Overview on general outcomes from 206 included articles. Studies were categorized as
Afbeneficialo i f extracellular vesicles (EVs) i
of the outcomes were not improved By s Anull o i f no benefits we
administration of EVs resulted in worse outcomes. (B) Outcomes comparing modified (enhanced)

EVs to unmodified EVs in N=53 animal studies.

116



Chapter4i Mes enc Iy malmalBEx tCreddel | vak ar Ve
Thermpy Aanudt eChr oni ¢ Res pAMeattaor y D

Anal ysi s

117



Alvin Tieu,*>® Kevin Hu? Catherine Gnyr&,Joshua Montroy,Dean A Fergussoh’ David S
Allan,*>®Duncan J Stewatt}®Bernard Thebau¥?®Manoj M Lalul3>6

!Department of Cellular and Molecular Medicine, University of Ottawa

Di vi sion of Neonatology, Department of Pediat
3Departments of Anesthesiology and Pain Medicine,“@®partment of Medicine, The Ottawa

Hospital

°Clinical Epidemiology Program, BLUEPRINT Translational Research GrougRegknerative

Medicine Program, Ottawa Hospital Research Institute

Citation:
Tieu A et al. (2021) Mesenchymal stromal cell extracellular vesicles as therapy for acute and
chronic respirat or yJounalofextracaldar Vesiclesi@(i2peldslal ysi s

Author Contributions:

AT: Created the systematic review protocol, conducted the literature search, assessed study
eligibility and completed data extraction. Contributed to data analysis, wrote the manuscript,
generated the tables/figures and addressed reviewer comments/revisions.

MML, KH and CG:. Contributedto writing of manuscript, creation of protocol, and finalizing
methodological approach. Assisted in addressing reviewer comments/revisions and generating
tables/figures.

JM andDAF: Contributed in data analysis and review @mascript.

DSA, DJSand BT: Assisted in developing systematic review protocol and review of manuscript.

118



4.1 Abstract

Preclinical studies suggest mesenchymal stromal cell extracellular vesiclesENMEC
reduce inflammation and improve organ function in Idigeases; however, an objective analysis
of all available data is needed prior to translation. Using rigorous-restarch methods, we
determined the effectiveness of M&Vs for preclinical respiratory diseases and identified
experimental conditions thamay further refine this therapy. A systematic search of
MEDLINE/Embase identified 1167 records. After screening, 52 articles were included for data
extraction and evaluated for risk of bias and quality of reporting in study design. A random effects
metaanalysis was conducted for acute lung injury (ALI; N=23), bronchopulmonary dysplasia
(BPD; N=8) and pulmonary arterial hypertension (PAH; N=7). Subgroup analyses identified EV
methods/characteristics that may be associated with improved efficacy. Daesentpd as
standardized mean differences (SMD) or risk ratios (RR) with 95% confidence intervals (Cl). For
ALI, MSC-EVs markedly reduced lung injury (SMD 4.33, Cl 28273), vascular permeability
(SMD 2.43, Cl 1.828.05), and mortality (RR 0.39, ClI 0.Z268). Small EVs were more
consistently effective than large EVs whereas no differences were observed between tissue
sources, immunocompatibility or isolation techniques. For BPD, alveolarization was improved by
MSC-EVs (SMD 1.45, CI 0.822.08) with small &/s more consistently beneficial then small/large
EVs. In PAH, right ventricular systolic pressure (SMD 4.16, CI-A&8) and hypertrophy (SMD
2.80, CI 1.913.68) were significantly attenuated by EVs. In BPD and PAH, EVs isolated by
ultracentrifugation dmonstrated therapeutic benefit whereas tangential flow filtration (N=2)
displayed minimal efficacy. Lastly, risk of bias and quality of reporting for experimental design
were consistently unclear across all studies. Our findings demonstrate clear potdtEa&lEVs

to be developed as therapy for acute and chronic lung diseases. However, greater transparency in
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research design and direct comparisons of isolation technique and EV subtypes are needed to
generate robust evidentaeguide clinical translation.

Protocol Registration: PROSPERCCRD42020145334

Keywords: Systematic Review, Mesenchymal Stem Cells, Mesenchymal Stromal Cells

Extracellular Vesicles, Exosomes, Respiratory, Lung, Metalysis
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4.2 Introduction

Mesenchymal stromal cells (MSCs) are a heterogenous population of cells with multipotent
differentiation potential and diverse secretory, immunomodulatory, dhnerapeutic
functions!’>3¢°They can be derived from readily available tissues, such as bone marrow, umbilical
cord, and adipose §8e*%*%2Many in vitro andin vivo studies show that MSCs can modulate
inflammatory pathways, improve organ function and prolong sur#¥atand there are currently
over 1000registered clinical trials registered on ClinicalTrials.gov investigating MSCs as an
intervention across a variety of diseases. Despite this widespread interest, MSCs have received
approval for only two conditions, graft versus host disease and periangldil as i n Cr o
diseasé® The lack of successful clinical translation is multifactorial but may include technical
challenges associated with geating a consistent, viable and effective cell thef&pif® For
example, poshoc analysis from a clinit#rial of MSCs for moderate to severe acute respiratory
distress syndrome demonstrated an extensive range in cell viability from 36 t3°/85%.
Interestingly, it has now been suggested that MSCs exert their therapeutic effects at least in part
by secretion of xracellular vesicles (EVs), which may represent a more robust therapeutic
product than delivery of intact cefs>?*’

Respiratory disorders, whether acute or chronic, remain a leading cause of death
worldwide 367 Greater than 500 million people are affected by chronic lung diseases with minimal
curative options®® Moreover, the sudden onset of COVID relatedacute respiratory distress
syndrome has shed light on the lack of available specific therapies to combat severe respiratory
infections/injury. Given the antnflammatory and regenerative properties of M&eived EVs
(MSC-EVs), pulmonary diseases haveebme a prominent focus for preclinical development of

EV therapeutic$®® Administration of MSGEVs improved outcomes in both acute (e.g. acute lung
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injury, the preclinical correlate of acute respiratory distress syndrome) and chronic (e.g. pulmonary
arterial hypertension) conditions, as well as neonatal diseases (e.g. bronchopulmonary
dysplasiaf®>378372 MSC-EVs carry a variety of key mRNas, microRNAs and proteins known to
mediate cell processes including inflammation, angiogenesis, apoptosis and fraisf

which are critical to lung recovery. Hence, EVs can potentially harness the benefits of whole cells
while overcoming many of the common issues that accompany live cell therapies. These
advantages iade EVs potentially having lower immunogenicity, ability to cross important
biological barriers (e.g. lung endothelium and epithelium), and favorable manufacturing/storage
procedures*?

As EV therapies have garnered interest over the past decade, there remain chaltenges an
unanswered questions associated with developing thifreeltherapy. In our previous systematic
review, we analyzed the methodology and outcomes of more than 200 studies investigating
MSC-EVs as a therap¥’ There was high heterogeneity in EV nomenclature, experimental
approach, interventional traits, dosage regimen and study design. The Minimaiatbor for
Studies of Extracellular Vesicles (MISEV 2018) attempts to address many of thes€3ssues.
However, given the diversity of EV methodology available, there is no consensus as to which
isolation technique, interventional traits (e.g. MSC source or EV subtype) or administration
protocols (e.g. delivery route, timing of treatment) will result ieagest therapeutic benefit. A
systematic and comprehensive understanding of these experimental details and the overall impact
of MSCG-EVs on lung repair are needed prior to considering clinical translation.

In the clinical world, scientifically rigorous stematic reviews and metenalyses are the
gold standard approach for evaluating the efficacy of interventions objectively and

comprehensively®337*75 They objectively assess ehquality of research being conducted,
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elucidate specific therapy or patient population characteristics that affect treatment outcomes, and
identify knowledge gap®8y applying metaesearch methods in preclinical EV research, our study
aims to determineht efficacy of MSEEVs as treatment for various acute and chronic respiratory
conditions. A metanalysis of acute lung injury, bronchopulmonary dysplasia, and pulmonary
arterial hypertension was completed. We also conducted subgroup analyses to exgloeeitit

EV characteristics and methodology that may be associated with greater benefits to help refine
MSC-EV therapy. Lastly, we assessed the quality of reporting experimental parameters and risk

of bias in study design that currently exists in MBZ research.

4.3 Materials and Methods
4.3.1Protocol and Registration
Our protocol was registered in the International Prospective Registry of Systematic

Reviews (PROSPER@RD4202014533¢ Reporting of ths systematic review follows the

Preferred Reporting Items for Systematic Reviews and-Metdyses (PRISMA) 2020 guidelines

(Supplemental FileC1).

4.3.2Eligibility Criteria

Eligibility criteria for study inclusion was createdpriori and defined according five
parameters: population, intervention, comparator, outcomes and study design (PICOS).
Predefining PICOS parameters is standard practice in-mes¢arch methodology that enables
unbiased search, inclusion, and assessment of pertinent articles.

Populaion: We included anyin vivo animal models of respiratory disease or injury.

Invertebrate animals) vitro or ex vivopreclinical studies were excluded.
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Intervention: Studies must have administered M&Us for inclusion. Any animal or
tissue source of MSs were included. MSCs or EVs may have beenrtneiaed, cereated or
modified (e.g. gene transfection). Any route, dose, timing or frequency of administration was
included. Studies may have administered EVs as a xenogeneic, allogeneic or autologoaols proto
Studies in which EVs were not derived from MSCs or were not administered to animals directly
was excluded.

Comparator: Any comparator including (but not limited to) placebo, vehicle control,
MSCs and/or fibroblasts was considered.

Outcome:Primary,secondary and tertiary outcomes were selected for acute lung injury
(ALI), bronchopulmonary dysplasia (BPD), and pulmonary arterial hypertension (PAH), the three
most studied lung conditions for MSEV therapy. For lung conditions outside of ALI, BPD, and
PAH, the primary and secondary outcomes reported in the articles were extracted for narrative
synthesis. Studies in which outcomes did not assess EV efficacy (e.g. only the biodistribution of
EVs was assessed) were excluded.

Study Design: We included contilled interventional studies (randomized, pseudo
randomized, or norandomized), while unpublished gray literature, abstracts, review articles,
editorials, commentaries, and letters were excluded. Studies were not excluded based on language

or publicationdate.

4.3.3Search Strategy

A systematic search of Ovid MEDLINE®, Ovid MEDLINE®-Process & Other Nen
Indexed Citations, and Embase Classic + Embase was conducted until March 6, 2019 using a broad
search strategy for ang vivo study investigating MS€EVs. To update our study, an additional
search was conducted on August 4, 2020 with lung disease filters. Both search strategies
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(Supplemental FileC2) were designed with the help of an information specialist and assessed by
a secod information specialist through the Peer Review of Electronic Search Strategies
(PRESSY? The search strategies were modified according to database and used controlled
vocabulary, MeSH terms (e.g. mesenchymal stem cells, mesenchymal stromal cellsl|@zirac

vesicles, exosomes, microvesicles), abbreviations (e.g. MSCs, EVs, MVs), and filters for

preclinical animal models. No restrictions were applied for publication date.

4.3.4Study Selection and Data Extraction

Titles and abstracts were independently seeden duplicate (AT, MS, CG and/or KH)
using the Distiller Systematic Review Software (DistillerSR, Evidence Partners, Ottawa, Canada).
A calibration test using 10 studies was performed before beginning the formal screening process
to ensure high interater correlation (kappa 0.8). Titles and abstracts that met criteria or that could
not be excluded with certainty moved on to ekt screening. Following a calibration test
involving 10 studies, two reviewers (AT, MS, CG and/or KH) independently revigveetul-
text articles. Reasons for exclusion were recorded at this stage. Disagreements between reviewers
were resolved through discussion. The selection process is presented in a PRISMA flow diagram
(Figure 4.1).

Standardized data extraction forms #ereated in DistillerSR. Data pertaining to study
characteristics, risk of bias, and quality assessment were extracted independently and in duplicate
(AT, CG and/or KH). A calibration exercise for data extraction was conducted on the first three
studies.Data was collected on study characteristics, including: general study characteristics,
animal model characteristics (e.g. species, sex, model of disease or injury), MSC and EV isolation
and characterization techniques, MSC or EV modifications, and doBagails for all data
collected can be found in our registered PROSPERO pratSapplemental Files C6 and C7)
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We used the generally accepted diased definitions of EV subtypes.exosomes or small EVs
(30-150nm in diameter) and microvesicles orglrEVs (1561000nm in diameter?’?*’ to
determine whether authorsagasthese terms consistent with MISEV recommendations.

Since MSCs are a heterogenous population of cells widely accessible from a variety of
tissue sources, the International Society for Cell Therapy (ISCT) published international guidelines
to standardize MSC characterization. Studies were assessed for their adherence to the ISCT criteria
including: (1) adherence to plastic in standard culture conditions, (2) positive and negative
expression of specific surface antigens, and (3) multipoteeteiffiation potential. Furthermore,
international guidelines for i nvestigating E
I nformation for St ud?% ®eseawliers BE® encourdgddiltcScEavacteitel 8 ) .
EVs by amount, two measures of smglesicle analysis, and at least three positive and one

negative protein marker. These criteria were used to assess study adherence to EV characterization.

4.3.5Primary and Secondary Outcomes

Outcomes were predetermined by consultsegior scientists who havead extensive
experiencevithin the fields of regenerative medicine and lung disease. Primary outcomes included
histological lung injury scores for ALI, mean linear intercept (a measure of alveolarization) for
BPD, and right ventricular systolic pressucg PAH. Secondary outcomes for ALI and BPD
included protein concentration and neutrophil count in bronchoalveolar lavage fluid (measures of
alveolarcapillary membrane permeability and inflammation, respectively). For BPD and PAH,
Fulton's index (a measuref right ventricular hypertrophy and indicator of pulmonary
hypertension) was extracted as a secondary outcome. Tertiary outcomes, if reported, included
measures of survival and adverse events of EV therapy. The corresponding authors of the
individual studies included in our review were contacted to obtain relevant missing data.
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4.3.6Risk of Bias and Quality of Reporting

Risk of bias was evaluated by two independent reviewers (AT, CG) using the SYRCLE
(Systematic Review Centre for Laboratory Animal Experimigom risk of bias toof!® The
SYRCLE tool features 10 different parameters including randomization, blinding and outcome
reporting, each of which was scored as having a low, high, or unclear risls ddbb&ach study.
Quality of reporting was evaluated by two independent reviewers (AT, CG) using the NIH
standards for transparency in reporting preclinical research. Each element in the NIH standards for
transparency was scored as having been reportedbtoreported. Disagreements between

reviewers were resolved through discussién’’

4.3.7Data Analysis

Extracted data on study chamistics, methodology and intervention characteristics are
presented as frequencies, proportions and/or percentages. Studies may have used multiple
techniques and interventions, either as separate experiments or in combination. Hence, the
cumulative percaage of certain categories may be greater than 100%.

Study outcomes were pooled using Comprehensive-Metdyst (version 3; BioStat Inc.,
USA) and represented by forest plots. Continuous outcome measures were expressed as
standardized mean differences (SMDs) with 95% confidence intervals (CIs), which were
calculated using a random effects inverse variance-aredbysis. Standardized mean difference
was chosen due to the expected heterogeneity in the measurement techniques of outcomes.
Dichotomous outcome measures were expressed as risk ratios (RRs) witbhof@&éence
intervals (Cls), which were calculated using a random effects-ametigsis based on the
DerSimonian Laird model. We corrected for the multiple use of a single control group using the
method described by Vesterineid. 3’8 Statistical heterogeneity was assessed using the Cochrane
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12 test. Planned subgroup analyses included subgroups based on animal characteristics (e.g. sex,
age, species), intervention characteristics (e.g. tissue source of MSCs, subtyperéthdd of

EV isolation), timing of treatment and respiratory disease modelled (e.g. ALI, BPD, PAH).

4.4 Results
4.4.1Study Characteristics

Our systematic searches yielded a total of 1167 recéidaré 4.1). Following level 1
screening of titles and abstract84 articles underwent level 2 fu#xt screening which resulted
in a total of 52 studies included for our systematic re¥&w.%*?° A metaanalysis focussed on
the three most common diseasgegories (ALI, BPD and PAH).

Baseline characteristics of the included studies are repor{€dbie 4.1. A majority of
papers were published from the United States (N=22; 42%) or China (N=21;Eg%ge(S3.].
The first paper examining MSEVs in amodel of lung disease was published in 2012. Since then,
there has been a marked growth in the number of preclinical animal studies investigating MSC
EVs with over 60% of studies (N=32) published in 2019 and 2B&@i(e S3.]). A variety of lung
conditionshave been investigated including ALI (N=23; 44%), PAH (N=8; 15%), BPD (N=7,
13%), asthma / allergic inflammation (N=5; 10%), pulmonary fibrosis (N=5; 10%), congenital
diaphragmatic hernia (N=2; 4%) and chronic obstructive pulmonary disease (N=2; 4%). Most
studies utilized either a mouse (N=31; 60%) and/or rat (N=21; 40%) model, with only one study
applying a pig model (2%). Nearly half of the studies used only male animals (N=24; 46%), with
8 studies using females only @b} 2 studies using both sexes (4%nd 18 studies not reporting

of the sex of their animals (35%).

4.4.2EV Methodology and Interventional Characteristics
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The animal source of MSCs used included human (N=34; 65%), mouse (N=11; 21%), rat
(N=8; 15%) and pig (N=1; 2%)~{gure S3.9. MSCswere derived from a variety of tissue sources
including bone marrow (N=31; 60%), umbilical cord (N=11; 21%), adipose tissue (N=6; 12%),
placenta (N=3; 6%) and induced pluripotent stem cells (iPSCs) (N=2; Bigyr¢ S3.2. A
majority of studies applied aerogeneic administration (N=34; 65%) as opposed to allogeneic
(N=20; 38%). Based on the ISCT guidelines, 30 studies (58%) met all three criteria for MSC
characterizationin vitro trilineage differentiation and the positive/negative markers used in each
study are described iRigure S3.2

The most common techniques used for EV isolation were ultracentrifugation (N=34; 65%),
isolation kits (N=7; 13%) and tangential flow filtration (N=6; 12%)gure S3.3. EVs were
characterized by quantification (N=47; 90%size distribution (N=45; 87%), morphological
analysis (N=45; 87%) and/or surface marker expression (N=41; 79%) in most skidie® (
S3.3. Based on the MISEV 2018 guidelines, 10 studies (19%) adequately characterized their EV
therapies. Importantly62% (N=27) of studies did not report assessment of negative markers to
demonstrate specific isolation of EVs. Regarding EV nomenclature, wssaksehether the
terminology used was consistent with reported size distribution of EVs (e.g. small, largh or bo
small/large EVs combined). Thirfjve (67%) studies utilized consistent terminology, whereas 8
studies (15%) used discordant terms and 9 studies (17%) did not provide size analysis. More details
regarding EV isolation and characterization, includingc#fit techniques and markers used, can
be found inFigure S3.3

The two most common routes of administration for MSZdelivery included intravenous
(N=31; 60%) and intratracheal (N=16; 31%) delivdfig(ire S3.4. The units applied for dosing

EVs varied considerably and included absolute protein amount (N=23; 44%), particle number
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(N=11; 21%) or amount of EVs released by a certain number of MSCs (N=8; 15%), as well as
EVs released over time or dosed by weighawoimal Figure S3.4. Most studies delivered a
single dose of therapy (N=35; 67%); studies with multiple administrations used a median value of
4 doses (ranging from-25 doses). EV modifications were conducted in 33 studies (63%) which
included modificatons before EV isolation (N=17; 33%), modifications to EVs directly (N=8;
15%) and cedreatments (N=8; 15%). Lastly, desesponse and biodistribution analyses were

examined in 8 (15%) and 7 (13%) studies, respectivegufe S3.9.

4.4.3Meta-Analyses of Acue Lung Injury Studies

Method of ALI induction included intratracheal endotoxin (e.g. lipopolysaccharide; N=8),
intratracheaE. Coli (N=3), ischemiaeperfusion injury (N=2), bleomycin injection (N=2), smoke
inhalation (N=1), radiation (N=1), viral induota (N=1), shock (N=1), phosgene (N=1), burn
(N=1), trauma (N=1) or intestinal ischemmgperfusion (N=1). Histological lung injury was
reported in 7 studies investigating preclinical ALI. All 7 studies demonstrated a significant
reduction in lung injury Iom MSGEV therapy (pooled analysis, SM2.33, 95%CI-5.73 to-
2.92, £ = 74%) Figure 4.2). Subgroup analyses demonstrated that small EVs consistently result
in a significant attenuation to lung injury whereas the efficacy of large EVs is highly varable
similar to control treatments from pooled analysigy(re 4.3). Studies that isolated EVs by
ultracentrifugation did not demonstrate a difference in effect size as compared to the single study
that utilized an isolation kitHigure 4.3). Lastly, MSGEVs may demonstrate greater benefits
(P=0.004) to attenuate lung injury in female rodents as compared to males, however only one study
used female animal§&igure 4.3). No difference in effect size was observed between MSC tissue

source (bone marrow vs. uthital cord), species source of MSCs, immunocompatibility
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(allogeneic vs. xenogeneic), timing of treatment, route of administration or animal riRguee(
43).

Changes to alveolarapillary barrier permeability measured by bronchoalveolar lavage
fluid (BALF) protein concentration was reported in 28 studies. Overall, Hd8@dministration
is associated with a significant attenuation to lung permeability (SME3, 95%C}3.05 to-1.82,
12 = 83%) Figure 4.4). From subgroup analysis, lung permeability wetiiced to a greater extent
(P<0.001) by delivery of small EVs or both small/large as compared to large EVs Rilgune (
45). Allogeneic administration of MSEVs also showed a more significant reduction to lung
permeability as compared to xenogeneiéveey (P=0.001). Sex (P=0.009) and species (P=0.03)
may be associated with greater EV efficacy as female animals and rat models demonstrated better
outcomes Kigure 4.5). Lastly, the single study that used an isolation kit displayed a greater
improvement P<0.001) to lung permeability as compared to studies that utilized
ultracentrifugation. Similar to lung injury score, no difference in effect size was observed when
considering MSC tissue source, route of administration or timing of treatment.

Other seconary outcomes considered for ALI studies included mortality (RR 0.39, 95%CI
0.22 to 0.68,4 = 14%) Figure S4.) and inflammatory response as measured by neutrophil
infiltration in BALF (SMD -1.42, 95%CF1.83 to-1.02, P = 66%) Figure S4.2, both of whech
were significantly improved by MSEYV therapy. Lastly, a dosesponse analysis was conducted
for studies administering EVs by protein amount and reporting lung vascular permeability as an
outcome. Despite many studies delivering similar doses, thet sff® varied considerably and

was not correlated to dose (P=0.31Hig(re S4.3.

4.4.4Meta-Analyses of Bronchopulmonary Dysplasia Studies
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All animal models of BPD were induced by housing newborn mice or rats under hyperoxia
conditions, ranging fron60-95% oxygen. Alveolarization was reported in 11 studies from 7
different articles and pooled analysis demonstrated marked improvements fromEWISC
administration (SMD-1.45, 95%CI-2.08 t0-0.82, F = 63%) Figure 4.6). Similar to ALI,
subgroup analysigdicated that small EVs consistently improve alveolarization, whereas the
combination of small/large EVs were highly variable and not statistically different as compared to
control Figure 4.7). One study that isolated EVs by TFF did not exhibit any beneém EVs.
However, when TFF is combined with density gradient ultracentrifugation or ultracentrifugation
is used alone, MSEVs significantly improved lung alveolarization (P=0.008)g(re 4.7).
Immunocompatibility (allogeneic, P=0.045), route of adistration (intraperitoneal, P=0.040)
and timing of treatment (concurrent, P=0.044) may result in differential effects, whereas no
differences in efficacy was observed when comparing tissue source of MSCs or animal species.

One study evaluated the survidanefits of MSGEVs in experimental BPD; however,
mortality was shown to be unaltered as compared to control (RR 0.86, 95%CI 0.41 t6 £.80, |
0%) (Figure S4.1. Other secondary outcomes of experimental BPD that were assessed include
alveolar permeabilt (SMD -1.80, 95%CI-3.18 to-0.41, P = 67%) Figure 4.4) and lung
inflammation as measured by BALF neutrophil (SMPD48, 95%CI-3.41 t0-1.75, B = 66%)
(Figure S4.2, both of which demonstrated significant improvements from NEMCdelivery.
Furthermore pulmonary hypertension is a common complication of BPD. NESCdelivery
resulted in marked reductions to both Fultono
SMD -0.99, 95%CF1.49 t0-0.49, F = 0%) (Figure S4.4 and RVSP (SMD1.20, 95%CF2.07

to -0.34, P = 0%) Figure S4.5.

4.4.5Meta-Analyses of Pulmonary Arterial Hypertension Studies
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Method for PAH induction included monocrotaline injection (N=5), chronic
hypoxia(N=2), or the combination of semaxanib (SU5418EGF inhibitoy and chronic hypda
in rats (N=2). Ten distinct studies from 5 articles reported RVSP, each of which demonstrated a
significant reduction after MSEV administration (pooled analysis, SMB.16, 95%C}5.68 to
-2.64, 1> = 84% (Figure 4.8). Exploratory subgroumnalysis showed allogeneic MS&Y/s
improved RVSP to a significantly greater extent than xenogeneic administration (P<0.001)
(Figure 4.9). Interestingly, in the single report of which EVs were isolated by combining TFF and
size exclusion chromatography, EMsere less efficacious (P<0.001) as compared to
ultracentrifugation or ultracentrifugation/chromatography combifeglite 4.9). Studies that did
not report sex showed a significantly greater reduction in RVSP as compared-tmiyatidies
(P<0.001). Dspite the welknown sex dependency of PAH, no preclinical study explored MSC
EV therapy in female animals. Unlike ALI or BPD, EV subtype did not demonstrate variable
effects to RVSP. No difference in EV efficacy were observed when comparing MSC tisstee sou
or timing of treatmentRigure49).Last |l y, 17 studies reported the
Index of which MSGEV injection led to a significant reduction in right ventricular hypertrophy

(SMD -2.80, 95%C}3.68 to-1.91,12 = 78% (Figure S4.9.

4.4.6Studies of Other Respiratory Conditions
Asthma / Allergic Airway Inflammation (N=5 studies)

Disease was induced by intraperitoneal delivery of ovalbumin (RE25¥ Aspergillus
fumigatushyphal extract (N=1§23or IL-33 (N=1f** MSGEVs were administered by intravenous
injection in 4 studies, with one study using intranasal delivery for more localized lung distribution.
Four studies assessadvivo outcomes, all of which reported a significant reductorBALF
neutrophils, eosinophils and pmflammatory cytokines from MSEYV delivery. Three studies
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reported a marked attenuation in lung inflammation score. One study showed improvements to
lung mechanics, and another demonstrated a reduction in lungésgensiveness to allergens

(e.g. Aspergillus hyphal). Lastly, one study assessed differential gene expression in lung tissues
postEV administration and found the most upregulated genes were those related to antioxidation
(Ponl), mitochondrial functionBex2) and lung epithelium protection (Scgblcl). Of note, the
inhibition of miR-146a abolished the therapeutic efficacy of MBs, thereby illustrating its

critical role within EVs for immunomodulation.

Pulmonary Fibrosis (N=5 studies)

Fibrosis was induak by intratracheal silica (N=2§>43 bleomycin (N=2)}3"4380r fine
particulate matter (N=43° All studies delivered MSEVs as a rescue treatment which led to
reduced lung collagen content in 3 studies, one of which was still significantly elevated as
compared to control. In the other 2 studies, MBX treated animals did not attenuate collagen
deposition, whereas MSCs themselves or lung spheroid cell exosomes led to marked
improvements. The effect of MSEVs on BALF macrophage expression was variableo Tw
studies reported no changes in number of lung macrophages, whereas one study observed a rescued
expression of aninflammatory macrophages. Most studies demonstrated reduced expression of
pro-inflammatory cytokines including HL b , TGFb1 anydond stuBylfoundLttets t |
transplantation of bone marrow derived monocytes preconditioned withBASGttenuated both
pulmonary fibrosis and lung inflammation.

Chronic Obstructive Pulmonary Disease (COPD)

Two articles (4%) studied the effects of M&V's in a cigarette smoke induced mouse

model of COP}?#! |n one study, the combination of MSCs and exosomes were more effective

than eithetreatment alone to reduce BALF cell count and cytokine Ié¥&lEhe mechanism of
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action was found to be recovery of mitochondrial transfer and mitdciarfusion gene
expression. The second study of COPD found intraperitoneal delivery ofENSCesulted in

marked reductions to plasma griflammatory cytokines, histological lung injury and lung influx

of inflammatory immune cell$® Authors tested their EV product in a clinical study of 30 patients.

In all subjects, inhalation of MSEVs significantly enhanced pulmonary function as measured by
forced expiratory volume in 1 second (FEV1), peak expiratory flow rate, anehtiveue walkng

test. Computed tomography scans showed a reduction in emphysematous changes and decreased
lung hyperexpansion. EVs were weblerated with improvements to quality of life and no

adverse events.

4.4.7Quality of Reporting in MSC-EV Research

All 52 lung artcles were assessed for their completeness of reporting study design domains
based on the NIH Principles and Guidelines for Reporting in Preclinical Res&afidiese
guidelines identify parameters that should be included in preclinical publication to enhance
scientific rigor, reproducibility and transparency. No articles utilized established reporting
guidelines (e.g. Animal Research: ReportimgVivo Experimens, ARRIVE) Figure 4.10).
Findings were substantiated under a range of conditions (e.g. different dosages, routes of
administration, modifications) in 31 studies (60%). Forty studies (77%) statatlls for at least
onein vivooutcome and 31 studiesO@) for all outcomesA prior power calculations of sample
size were described in 7 studies (13%); however, all 7 studies had inadequate information
necessary to calculate sample size. The total number of animals used in all experiments were
reported in 1&tudies (33%)Kigure 4.10).

A primary outcome was not explicitly stated in any of the 52 studigsie 4.10). The
number of measurements per subject was described for at least one outcome in 30 studies (58%),
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2 of which reported the number of replicaie all findings. Randomization of experimental groups

was mentioned in less than half of the articles (N=24); however, details for method of
randomization was not described in any article. No studies reported blinding of the personnel
conducting experimds. Blinding of data analysis was described for all outcomes in 2 studies
(4%) and some outcomes in 16 studies (31%), with no blinding of outcome assessment mentioned
for 33 studies (66%). Lastly, the NIH recommends reporting the criteria for dataierdas
minimize selection bias. Seven studies (13%) provided reasoning for data omission which included
excluding animals with heart rats <300 beats per minute for hemodynamic measuféhhants,
expression of genes in RNA sequenciffopr statisticaloutliers? Forty-five studies (87%) did

nat provide any criteria for data exclusidrigure 4.10).

4.4.8Risk of Bias Assessment

A majority of studies were deemed as havi ng
(Figure 4.11). Although 24 studies (46%) reported that animals were randomizeddoregptal
groups, no studies provided details regarding methadrafomization(i.e. to reduce selection
bias) which is essential to assess adequate sequence generationtwbhistydies (62%)
displayed a low risk for reportingaselinecharacteristicqi.e. to reduce selection bias). However,
the risk of bias was unclear across all studies for the domaialooition concealment.e.
selection bias)random housingi.e. selection biasplinding of personndi.e. performance bias)
and selective outcome reporting.e. reporting bias). Seventeen studies repoiédded
assessmenis.e. detection bias) for some outcomes (e.g. histological/pathological injury) and 2
studies were blinded for all outcomé&scomplete outcome dafae. attrition bias) was assessed
as whether the Nalue was consistent between the methods and results sections. Fourteen studies
(27%) exhibited low risk, 25 studies (48%) had unclear risk and 13 studies (25%) were deemed

136



high risk. Lastly,other potential sorces of biagonsidered included source of funding, sample
size calculation and conflict of interests. Eleven studies (21%) had a high risk in at least one of

these additional categorie&idure 4.11).

4 5Discussion

Our systematic review provides a compersive synthesis of the preclinical efficacy,
methodology, study design and preclinical reporting of MSCstudies of acute and chronic
respiratory diseases. Pooled estimates from -anedidyses indicate that MSEV administration
significantly improves pmary outcomes in ALI (i.e. lung injury score), BPD (i.e. alveolarization)
and PAH (i.e. right ventricular systolic pressure). With the exception of mortality for BPD; MSC
EVs were also markedly effective at improving secondary outcomes including s@Atialung
vascular permeability (ALI and BPD), BALF neutrophil count (ALl and BPD), RVSP (BPD) and
Fultonds I ndex (BPD and PAH). These f irEVW"li ngs
to treat both acute and chronic lung diseases.

Our previoussystematic analysis of all animal studies investigating NEMS found high
heterogeneity in how EVs are being isolated and charactéfizdoreover, there were significant
inconsistencies in nomenclature being used to describe EV therapy and variability in interventional
characteristics including tissue source of MSCs and treatment regimen. After updatingaur sea
and limiting our review to publications related to lung disorders, we still observed similar
heterogeneity. When assessing whether groups were characterizing their MSCs and EVs according
to international guidelines (e.g. ISCT criteria and MISEV 20318%'we found that 58% and 19%
of studies met the recommendations, respectively. Thisigndicant increase from our previous

reports of only 2% adherence to MISEV 28%8vhich highlights the impdof these guidelines
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for improving EV characterization. EV nomenclature remains inconsistent despite the suggestions
from MISEV 2018 to describe EV therapies by physical parameters (e.g. small EN&® 3(n,

large EVs 1501000 nm). Based on size alone, feeind that over 30% of studies are using
discordant terminology. This finding may be problematic for two reasons: (1) inconsistent terms
will hinder between study comparisons of different EV populations, and (2) our finding likely is
an underestimate asewonly considered size and did not include analysis of EV cellular origin
(e.g. exosomes originate as intraluminal vesicles within late endosomes). Greater standardization
in reporting of size and applying accurate terminology in the EV field can helgfydgmecific

EV populations that serve as a more effective therapeutic product.

Given the many variables involved in developing an MSCtherapy, we conducted
exploratory subgroup analyses to determine if specific EV parameters may be associated with
improved efficacy. Across studies of ALI, BPD and PAH, the different tissue sources of MSCs
(e.g. bone marrow, umbilical cord, placenta) and routes of administration (e.g. intravenous,
intraperitoneal, intratracheal) were equally efficacious, despite bti@fsntratracheal delivery
may allow for greater lung distribution. Moreover, umbilical cord tissue is known to be more
efficient in producing EVs with potentially less variability from donor demographics (e.g. age,
sex, comorbidities) and serves as a-imvasive, abundant source for MSCs given its designation
as biohazardous wast&:***>4*Hence, the similar efficacy and ease in collectibmrobilical cord
tissue suggests some potential advantages when considering clinical translation. EVs isolated by
TFF appeared to be less effective than those enriched by ultracentrifugation for preclinical BPD
and PAH (no studies used TFF in ALI). Howevitiese findings were from only two studies that
utilized TFF and more direct comparisons of TFF and ultracentrifugation are warranted to establish

the relativein vivoe f f i cacy of EVs, especially given TEFF

138



potential fo clinical scaleug®® Lastly, we conducted subgroup analysis by EV subtypelsize
investigate whether distinct EV populations may exhibit variable outcomes. Small EVs or the
combination of small/large EVs were found to be more consistently beneficial as compared to
large EVs in ALI and BPD (no studies used large EVs in PAH). Moreaweall EVs led to a
significant improvement in lung vascular permeability as compared to large EVs. These results
may indicate that there are differential effects between small and large EVs, which may not be
dependent on acuity/chronicity of the disesisde.

Our study had limitations which warrant discussion. Firstly, the findings from subgroup
analyses should be considered exploratory. We show that specific EV characteristics are associated
with greater efficacy in these investigations. However, ssubgroup categories were limited by
the number of available studies and/or the sample size. Hence, updated analyses when more studies
are published will be required to generate definitive conclusions. Our findings identify the need
for robust data from héeto-head comparisons of EV methodology and/or subtypes to identify the
most effective approaches for clinical translation. Next, data generated from studies with a low
risk of bias may serve as a more accurate indicator for the efficacy ofBNSCUnforunately,
most studies included in our analysis demonst
parameters, which is commonly observed in many fields of preclimocaVo researct®443449
Future analyses will provide greater insights once researchers and journals adopt more complete
reporting of preclinical study desigr>+°°4%! astly, although no adverse events were reported,
none of the included studies conducted formal experiments to investigat&EMSafety.

Although MSGEV therapy demonstrates great promise, several questions still need to be
answered to advance the field. Weuhd doseesponse and biodistribution studies to be

infrequently conducted in respiratory diseases, which is also the case for thEWIfs€Id as a
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whole?4’ These experiments are urgently needed to better understand the optimal approach for
dosing EVdefore attempting clinical translation. Moreover, there are no standardized guidelines
on how EV dose should lmeeasured and reported (e.g. protein, particle or RNA amount). We now
know that MSCEVs contain many bioactive factors including mRNas, microRNAs and proteins
that modulate critical cell processes ranging from inflammation to apoptosis to angiog&nesis.
Although many studies show the importance of specific molecules by inhibiting their expression,
few have attempd to compare whether overexpressing one bioactive factor is more important
than others. Lastly, quality of reporting and potential risk of bias in study design is consistently
unclear in preclinical EV research. Greater rigor and transparent detailiegpefimental
parameters including randomization, blinding, and sample size estimates will generate more robust

evidence for EV efficacy to guide clinical translation.
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Table 4.1. Summary of study characteristics of all includedarticles.

. . . . - Negative Dosage Regimen (Dose, No. of
First Author Year Country Animal Human Disease MSC Source EV Isolation and S'.ZEI Term!nology Positive Surface Surface Doses, Route and
Model Morphology Analysis Consistency Markers .
Markers Immunocompatibility)
Acute Respiratory Distress Syndrome / Acute Lung Injury
Acute Respiratory Human bone Ultracentrifugation; SEM; 150- 3e6 MSC equivalent over 48h; 1
Zhu, YG 2014 United States Mouse Distress Syndrome marrow 1000 nm (large EVs) Yes Not described Not described dose; Intravenous, Intratracheal;
Xenogeneic
Li, L 2015 China Mouse Acute Respiratory Human bone Isolation kit / PEG; Not Unclear CD63 Not described 1.5ug/g; 1 dose; Intravenous;
Distress Syndrome marrow described; Not described Xenogeneic
Acute Respiratory Human bone Ultracentrifugation; SEM, 30uL (equivalent to 3e6 MSCs over
Tang, XD 2017 China Mouse Distress Syndrome marrow TEM; 150-1000 nm (large Yes Not described Not described 48h); 1 dose; Intratracheal;
EVs) Xenogeneic
Acute Respiratory Ultracentrifugation; TEM; 30- CD63, CD9, 80ug/kg; 1 dose; Intratracheal;
Khatri, M 2018 United States Pig Distress Syndrome Pig bone marrow 150 nm (small EVs) No CD81, CD29 Not described Allogeneic
(Integrin B1/B2)
Acute Respiratory Human bone Ultracentrifugation; NTA; 30- CD63, CD9, 30ug; 1 dose; Not Described;
Potter, DR 2018 United States Mouse Distress Syndrome marrow 1000 nm (both small/large Yes CD81, MSC Not described Xenogeneic
EVs) markers
Acute Respiratory Mouse bone High speed centrifugation; 100ug; 1 dose; Intravenous;
Yi, X 2019 China Mouse Distress Syndrome marrow NTA, TEM; 30-150 nm (small Yes CD63 Not described Allogeneic
EVs)
Xu, N 2019 China Rat Acute Respiratory Rat bone marrow  Ultracentrifugation; NTA, TEM; Yes CD63, CD9, Not described 5e6 MSC equivalent; 1 dose;
Distress Syndrome 30-150 nm (small EVs) CD81 Intratracheal; Allogeneic
Acute Respiratory Human umbilical ~ Anion-exchange 1e8 particles/kg; 1 dose;
Varkouhi, AK 2019 Canada Rat Distress Syndrome cord chromatography; TEM; 30-150 No Not described Not described Intravenous; Xenogeneic
nm (small EVs)
Acute Respiratory Mouse bone Ultracentrifugation; NTA, DLS; 1e5 MSC equivalent; 1 dose;
Silva, JD 2019 Brazil Mouse Distress Syndrome marrow 30-1000 nm (both small/large Yes Not described Not described Intravenous; Allogeneic
EVs)
Li, JS 2019 China Rat Acute Respiratory Human umbilical Isolation kit / PEG; DLS, TEM; Yes CD63, CD9 Not described 800 ug of RNA; 1 dose; Intravenous;
Distress Syndrome cord 30-150 nm (small EVs) Xenogeneic
Acute Respiratory Ultracentrifugation; TEM; 30- CD63, CD81, 5-10ug; 1 dose; Intravenous;
Liu, J 2019 China Rat Distress Syndrome Rat bone marrow 150 nm (small EVs) Yes TSG101, MSC  Not described Allogeneic
markers
Acute Respiratory High speed centrifugation; CD63, CD9, 25ug; 4 doses; Intravenous;
Li, QC 2019 China Rat Distress Syndrome Rat bone marrow  NTA, TEM; 30-150 nm (small  Yes CDs81 Not described Allogeneic
EVs)
Acute Respiratory Human adipose Ultracentrifugation; NTA, TEM; CD63, CD81, Calnexin, 100ug; 1 dose; Intravenous;
Huang, R 2019 China Mouse Distress Syndrome tissue 30-1000 nm (both small/large Yes MSC markers GM130 Xenogeneic
EVs)
Chen, W 2019 China Rat Acute Respiratory Human umbilical Ultracentrifugation; TEM; Not  Unclear MSC markers Not described Not described; 1 dose; Intratracheal;
Distress Syndrome cord described Xenogeneic
Animal EV Isolati d Size / T inol Positive Surf Negativ e Dosage Regimen (Dose, No. of
First Author  Year Country nima Human Disease MSC Source solation and >ize erminology ositive surface Surface Doses, Route and
Model Morphology Analysis Consistency Markers s
Markers Immunocompatibility)
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Acute Respiratory Human adipose Ultracentrifugation; DLS, TEM; CD63, CD81, Calnexin, 50ug; 1 dose; Intravenous,
Wang, J 2020 China Mouse Distress Syndrome tissue 30-150 nm (small EVs) Yes CD44, CD105, GM130 Intratracheal; Xenogeneic
CD40
Acute Respiratory Mouse bone Ultracentrifugation, 50ug or 100ug; 1 dose;
Deng, H 2020 China Mouse Distress Syndrome marrow Ultrafiltration; NTA, TEM; 30- Yes CD63, CD81 Not described Intratracheal; Allogeneic
150 nm (small EVs)
Chen, WX 2020 China Rat Acute Respiratory Human umbilical Ultracentrifugation; TEM; Not  Unclear Not described Not described 1e6 particles; 1 dose; Intratracheal;
Distress Syndrome cord described Xenogeneic
Asthma / Allergic Airway Inflammation
L Ultracentrifugation; NTA, TEM,; . . .
Cruz, FF 2015 United States Mouse Asthma/AIIerglc Alnway Human and mouse 30-1000 nm (both small/large Yes Not described Not described 3e6 MSC eguwalent, 1 Fjose, )
Inflammation bone marrow Evs) Intravenous; Xenogeneic, Allogeneic
S . Ultracentrifugation; DLS; 30- . . .
de Castro, LL 2017 Brazil Mouse Asthma/AIIergu: Airway Human adipose 1000 nm (both small/large Yes Not described Not described 87ug; 1 dqse, Intravenous;
Inflammation tissue Xenogeneic
EVs)
Asthma / Allergic Airway Mouse adipose Ultracentrifugation, 10ug; 4 doses; Intranasal;
Kim, SD 2020 South Korea Mouse f g y . p Ultrafiltration; TEM; Not Unclear CD81, CD40 Not described 9 . ’ ’
Inflammation tissue - Allogeneic
described
L Anion-exchange CD63, CD9, . . . .
Fang, SB 2020 China Mouse ﬁ?rgﬂi;ﬁfrglc Airway Human iPSCs chromatography; NTA, TEM;  Yes CD81, TSG101, Calnexin )25;1% p:;t;}tiztl:es, 1 dose; Intravenous;
30-150 nm (small EVs) Alix 9
L Anion-exchange CD63, CD9, . . .
Fang, SB 2020 China Mouse Asthma/AIIerglc Alrway Human iPSCs chromatography; NTA, TEM; Yes CD81, TSG101, Calnexin 1.5e10 partlf:les, 3 dOSPTS’
Inflammation ; Intravenous; Xenogeneic
30-150 nm (small EVs) Alix
Bronchopulmonary Dysplasia
Bronchopulmonar Human umbilical Ultracentrifugation; NTA, TEM,; Cytochrome 20ug; 1 dose; Intratracheal,
Ahn, SY 2018 South Korea Rat p Y gation; 1A, TEM: No CD63, CD9 C, GM130, g: & dose; ’
Dysplasia cord 30-150 nm (small EVs) Fibrillarin Xenogeneic
Bronchopulmonar Human bone gzzgifmlarl;gi?swntmtra“on' X CD63, CD9 0.5e6 MSC equivalent over 36
Willis, GR 2018 United States Mouse P Y marrow, human yar - . Yes - ’ Not described hours; 1 dose; Intravenous;
Dysplasia umbilical cord ultracentrifugation; NTA, TEM; Flotillin-1 Xenoueneic
30-150 nm (small EVs) 9
- . . . 0.7e6 MSC equivalent over 24h (2.4-
Chaubey, S 2018 United States Mouse Bronchopulmonary Human umbilical Ultracentrifugation; NTA, TEM; Yes CI.DG?” Chad, TGN48 2.8uQ); 2 doses; intraperitoneal;
Dysplasia cord 30-150 nm (small EVs) Alix ;
Xenogeneic
Ultracentrifugation; NTA, TEM,; . .
Brain, RK 2018 United States Rat Bronchopulmonary Rat bone marrow  30-1000 nm (both small/large No CDE3, CDS, Not described 15ug or 8.4e9 partlcle‘s, 14 or 1?
Dysplasia EVs) CD81 doses; intraperitoneal; Allogeneic
) EV Isolati d size/ . " Negativ e Dosage Regimen (Dose, No. of
First Author Year Country Animal Human Disease MSC Source solation an |_ze Term!nology Positive Surface Surface Doses, Route and
Model Morphology Analysis Consistency Markers -
Markers Immunocompatibility)
. Tangential flow filtration; NTA; 8e8 particles/g for P3, 4.5e8 for P7,
Porizonato, A 2019 Italy Rat Bronchopulmonary Human umbilical 30-1000 nm (both small/large Yes CD63, CD9, HLAs and 3e8 for P10; 3 doses;

Dysplasia

cord

EVs)

CD81, Annexin V

Intratracheal; Xenogeneic
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Tangential flow filtration, IDX

Bronchopulmonar Human umbilical  density gradient CD63, CD9, 0.5e6 MSC equivalent, or 16 MSC
Willis, GR 2020 United States Mouse p Y Y g' ) Yes CD81, TSG101, GM130 equivalent; 1 or 4 doses;
Dysplasia cord ultracentrifugation; NTA, TEM; Alix. Elotillin-1 Int X% .
30-150 nm (small EVs) ix, Flotillin- ntravenous; Xenogeneic
. . Bronchopulmonary Ultracentrifugation; TEM; 30- CD63, CD9, . 0.3ug; 1 dose; Intratracheal;
Li, Z 2020 China Rat ; :
. ! Dysplasia Human placenta 150 nm (small EVs) Yes CD81, HSP70/90 Not described Xenogeneic
Chronic Obstructive Pulmonary Disease
. Chronic Obstructive Mouse bone Isolation kit / PEG; TRPS, CD63, Alix, . 15ug; 10 doses; intraperitoneal;
Maremanda, K 2019 United States Mouse Pulmonary Disease marrow TEM; 30-150 nm (small EVs) Yes Flotillin-1 Calnexin Allogeneic
. . Ultracentrifugation, Isolation . . . .
Harrell, CR 2020 Serbia Mouse Chronic Obstructive Human placenta kit / PEG; Not described; Not  Unclear Not described Not described 0.1mL; 15 doses; intraperitoneal;

Pulmonary Disease

described

Xenogeneic

Congenital Diaphragmatic Hernia

Zhaorigetu, S 2020 United States Rat

Congenital
Diaphragmatic Hernia

Congenital

Human bone
marrow

Human bone

Tangential flow filtration;
TRPS, TEM; 30-150 nm (small Yes
EVs)

Tangential flow filtration; NTA,

Not described

1el0 particles/mL; 1 dose;

Not described .
Intravascular; Xenogeneic

1e10 particles/mL; 1 dose; Direct

Monroe, MN 2020 United States Rat Diaphragmatic Hernia  marrow TEM; Not described Unclear Not described Not described tissue injection; Xenogeneic
Ischemia -Reperfusion Injury
. Ischemia-Reperfusion ~ Human umbilical Ultracentrifugation; NTA; 150- . 1e6 particles; 1 dose; Intratracheal;
Stone, ML 2017 United States Mouse Injury cord 1000 nm (large EVs) No MSC markers Not described Xenogeneic
. . Ischemia-Reperfusion Mouse bone Ultracentrifugation, Isolation CD63, CD9, . 30uL (2e6 MSC equivalent); 1 dose;
L, JW 2019 China Mouse Injury marrow kit / PEG; NTA; Not described Unclear CcD81 Not described Intratracheal; Allogeneic
Pneumonia
. . . EVs made by 9e6 MSCs over 48h; 1
Monsel, A 2015 United States Mouse Pneumonia Human bone Ultracentrifugation; SEM; 150 Yes CD44 Not described dose; Intravenous, Intratracheal;
marrow 1000 nm (large EVs) X ’
enogeneic
. . Negativ e Dosage Regimen (Dose, No. of
! Animal . MSC EV Isolation and Size / Terminology Positive Surface 9 9 9 (
First Author  Year Country Human Disease A ) Surface Doses, Route an d
Model Source Morphology Analysis Consistency  Markers -
Markers Immunocompatibility)

Human bone

Ultracentrifugation; NTA,

1el0 particles; 1 dose; Intravenous;

Hao, Q 2019 United States Mouse Pneumonia SEM; 30-1000 nm (both Yes CD44 Not described )
marrow Xenogeneic
small/large EVs)
Pulmonary Arterial Hypertension
. . . CD63, CD9, . .
_ Pulmonary Arterial Mouse bone Ultracentrlfugatlon, Size CD81 TSG101, _ 0.1ug (low dose), 10ug (high dose);
Lee, C 2012 United States Mouse . exclusion chromatography; Yes . Not described 1 or 2 doses; Intravenous;
Hypertension marrow Alix, HSP70/90,

TEM; 30-150 nm (small EVs)

Flotillin-1

Allogeneic
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Pulmonary Arterial

Ultracentrifugation; NTA, TEM;

CD29 (Integrin

30ug; 8 doses; Intravenous;

Chen, JY 2014 United States Rat . Rat bone marrow  30-1000 nm (both small/large No B1/B2), Annexin Not described .
Hypertension Allogeneic
EVs) \
. Ultracentrifugation; NTA, TEM,; . . .
Aliotta, JM 2016 United States Mouse iuln;(r)tr;g:‘lrtenal Eg{la;:r?g MOUSE 30-150nm (small EVs), 30 - No gggi CDs, Not described isel;% 2:;.;1 ci\olﬁ)esé;r;(r:avenous,
yP ! w 1000 nm (both EVs) geneic, Allogenel
. Ultracentrifugation; NTA, TEM,; . . .
Aliotta, JM 2017 United States Mouse Pulmonary Arterial Mouse bone 30-1000 nm (both small/large Yes CD63 Not described 25ug; 3 QOses, Intravenous;
Hypertension marrow EVs) Allogeneic
. . Pulmonary Arterial Ultracentrifugation; TEM; Not ) ) 30ug; 8 doses; Intravenous;
Liu, Z 2018 China Rat Hypertension Rat bone marrow described Unclear Not described Not described Allogeneic
Tangential flow filtration, Size €63, CDS?L’
Pulmonary Arterial Human bone exclusion chromatography; TSG101, Alix, 2e7 particles in 200uL; 1 or 9 doses;
Hogan, SE 2019 United States Mouse y grapny. Yes Flotillin-1, GM130 p . !
Hypertension marrow NTA, TEM; 30-150 nm (small Annexin V Intravenous; Xenogeneic
EVs) EpCAM, ICAM
. Pulmonary Arterial Human umbilical Ultracentrifugation; TEM; 30- CD63, CD81, . 25ug; 3 doses; Intravenous;
Zhang, S 2020 China Rat Hypertension cord 150 nm (small EVs) Yes TSG101, Alix Not described Xenogeneic
- Ultracentrifugation; NTA, TEM,; . . .
Klinger, JR 2020 United States Rat Pulmonary Arterial Human bone 30-1000 nm (both small/large Yes CD63, CD9, Albumin 100ug/kg; .3 doses; Intravenous;
Hypertension marrow EVs) CD81, TSG101 Xenogeneic
Pulmonary Fibrosis
. ' . Human bone Isolation kit / PEG; Not . . 10ug; 2 doses; Intravenous;
Choi, M 2014 South Korea Mouse Pulmonary Fibrosis marrow described: Not described Unclear Not described Not described Xenogeneic
Ultracentrifugation; NTA, TEM; ) . .
Gao, Y 2016 China Rat Pulmonary Fibrosis Rat adipose tissue 30-1000 nm (both small/large Yes CI.D63’ TSG101, GM130 2.5-2.8e10 p‘amcles, 1_dose,
EVs) Alix Intratracheal; Allogeneic
. . Two doses: 1) 1e5 MSC equivalent
. Ultracentrifugation; NTA ;
. ) ) . M i ' D63, CDY, : ;
Bandeira, E 2018 Brazil Mouse Pulmonary Fibrosis . ouse adipose SEM, TEM; 30-1000 nm (both Yes CcDés, CD9 Not described over 24h_ 2) 1e6 _MSC equwale.nt
tissue CD81, Lamp1l over 24h; 1 dose; Intratracheal;
small/large EVs) ;
Allogeneic
. ) . ) " Negativ e Dosage Regimen (Dose,
MSC
First Author Year Country Q':)'g;?l Human Disease Source '\EAVrIsr?Ialltlon 2:d|5|i29/ gi;n;:ggﬁgy IT/I(;Srlliglres Surface Surface No. of Doses, Route an d
orphology Analysis y Markers Immunocompatibility)
b IDX density gradient | d
Human bone i ion- . CD63, CD9, Alix 5e6 MSC equivalent; 1 dose;
. . . . ultracentrifugation; NTA, TEM; , , ’ g '
Mansouri, N 2019  United States Mouse Pulmonary Fibrosis marrow 30-150 nm (small EVs) Yes Elotillin-1 GM130 Intravenous; Xenogeneic
. . . . Human bone Ultrafiltration; NTA, TEM; 30- CD63, CD9, ) 10e9 particles/kg; 7 doses;
Dinh, PC 2020 United States Rat Pulmonary Fibrosis marrow 150 nm (small EVs) Yes cD81, TSG101 Not described |nhalation; Xenogeneic
Other Models of Lung Injury
. . Radiation-Induced Lung Not described; NTA, TEM; 30- CD63, CD9, 100ug/dose; 4 doses; Intravenous;
Lei, X 2020 China Mouse Injury Human placenta 150 nm (small EVs) No TSG101, Alix GM130 Xenogeneic
. Smoke Inhalation Lung Isolation kit / PEG; NTA, TEM; CD63, CD9 . 250ug; 1 dose; Intravenous;
Xu. B 202 h R ; ; ) ; ) \ 1 ; ;
u, 020 China at Injury Rat bone marrow 30-150 nm (small EVs) Yes cpsi Not described Allogeneic
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Broad Search Strategy
{Inception to March 6, 2019

Records identified
through database

Additional records
identified through

Lung-Specific Search Strategy

{March 6, 2019 to August 4, 2020)

Records identified
through database

Additional records
identified through

search other sources

.

Records after duplicates
removed (N=1038)

search other sources

Records screened
(N=1038)

Records excluded
(N=642)

Records after duplicates
removed (N=129)

Records screened
(N=129)

Records excluded
(N=91)

Full-text articles assessed for
eligibility (N=396 from broad search,
N=38 from lung-specific search)

[ Included } [ Eligibility ][ Screening } [ldentification]

Studies included for both
qualitative (N=52) and
quantitative (N=38) synthesis

oA W

Reasons for full-text exclusion (N=382):

. Not within lung disease domain (N=291)

. Did not fit eligibility in broad search (N=82)
. Repeated article (N=3)
. EVs not directly administered to animals (N=3)
. Abstract/ review article (N=2)
. Full-text unavailable (N=1)

Figure 4.1. Preferred Reporting Items for Systematic Reviews and Metanalysis (PRISMA)
flow diagram detailing study screening and selection.
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Study name

Year

Statistics for each study

Monsel 2015
Tang 2017
Li 2019 2019
Liua 2019
Liub 2019
Deng 2020
Chen 2020

Overall Efficacy

Std diff Lower Upper

in means limit
-269 -4.61
-9.19 -13.90
-232 -3.93
-7.88 -10.48
-5.02 -7.01
-426 -570
292 -418
433 -5.73
2=74%

limit
-0.78
-4.48
-0.72
-5.29
-3.02
-2.81
-1.66

-2.92

Figure 4.2. Meta-analysis of lung injure score.
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Statistics for each study

Standardized difference in

No. of Std Diff Lower Upper Hetero-

Subgroups Studies in Means Limit Limit geneity means and 95% €1
Tissue Source of MSCs (P=0.62)
Bone Marrow MSC N=5 -4.00 560 -249 12=65% s 4
Umbilical MSC N=2 527  -10.12 041 1=91% *‘
Immunocom patibility {(P=0.41)
Allogeneic N=3 -3.81 534 -2.28  12=60% .
Xenogensic N=4 -5.14 -786 -2.41 12=93% -
EV Isolation Technique (P=0.73)
High Speed Centrifugation N=1 232 -383 072 I2=83% -
Isolation Kit N=1 -7.88  -10.48 520  12=0% g
Ultracentrifugation N=5 419 532 -3.05 [>=76% >
EV Subtype (P=0.27
Large EVs N=2 557 -11.89 075  12=84% s
Small EVs N=4 468 665 271 1°=78% -
Unclear N=1 292 -418 -166  P=0% &>
Route of Administration (P=0.97}
Intratracheal N=3 439 650 -227 1>=72% -
Intravenous N=4 433 658 207 [12=81% .
Timing of Treatment (P=0.08)
Concurrent N=2  -653 -1046 -260 |2=61% o
Prevention N=1 232 393 -072 12=0% @
Rescue N=4 421 599 242 1=77% -
Species of Animals (P=0.91)
Mouse Model N=3 450 -880 210  12=70% e
Rat Model N= 431 836 -226 [2=81% S
Sex of Animals (P=0.004)
Female N=1 7.88  -1048 -529  [12=0% .
Male N=6 370 -487 253  12=60% L 4
Overall Efficacy -4.33 -5.73 -2.92 12=74% <@
-15.00 -7.50 7.50 15.00
Favors EV Favors Control

Figure 4.3. Subgroup analysis of lung injure score

Subgroup analysis for all included studies of acute lung injury that reported the primary outcome
of lung injure scoreEach row represents pooled estimate datan fstudies within that subgroup.

Data is presented as a forest plot with standardized mean difference and 95% confidence intervals.
12 value represents the statistical heterogeneity within each subgroup. Effect sizes <0 favors EV
treatment and >0 favorecnt r ol . The 6Overall EfficaEVgo i s
on lung injury score from all studies combined.
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Statistics for each study

Std Diff Lower Upper Standardized difference in
Disease Model Study Name Year in Means Limit Limit means and 95% CI
Zhu a 2014  -0.71 145  0.03 —
Zhud 2014 <165  -347 -0.13 e
Monsel a 2015  -073  -135 -0.10 —=—
Monsel b 2015 233 -336 -1.29 ——
Monsel ¢ 2015  -073  -154  0.08 —=
Monsel d 2015  -075  -156 007 —]
Monsel e 2015  -046  -146 054 —
Monsel f 2015  -074  -159 010 —
Tan 2017 -024 <152  1.04 —
Khatri 2018  -344 596 -0.92 S B —
Potter 2018  -349  -499 -1.99 ——
Varkouhia 2019  -0.39  -146  0.68 —=—
AcuteLung  yoiouhib 2018 455 270 -0.40 —
Injury (ALI) Silva a 2019 -3.84 -6.10  -1.58 S —
Silva b 2019 -7.94 1186 402
Silva ¢ 2019  -344 554 -1.33 — T
Silva d 2019 -313  -513 -1.12 T
Li 2019 2019 -4.01 616 -1.86 —
Huang a 2019 -498 730 -2.65 —T
Huang b 2019 -069  -192 054 —
Chen2019 2018  -11.77 -1661 -693 [—
Xu 2019 2019 -2.04  -344 -065 —
Xu 2020 2020 1335 -1757 912 [
Wang a 2020  -282  -455 -1.30 I
Wang b 2000 170 296 -044 —
Lei 2020 285 445 -1.24 S
Deng 2020  -342 467 -2.16 -
Chen2020 2020  -622  -833 -410 F————
ALI Overall Efficacy ’=83% -243 -3.05 -1.82 >
Chaubeya 2018 -1.25 275 0.25 ——
B'D°“°’I‘°'°_“"';,“§W Chaubeyb 2018  -091  -236 054 S
ysplasia (BPD) ;505 2020 305 422 -1.87 .
BPD Overall Efficacy ’=67% -1.80 -3.18 -0.41 i

-8.00 -4.00 0.00 4.00 8.00
Favors EV Favors Control

Figure 4.4. Meta-analysis of alveolar capillary permeability.

Metaanalysis for alincluded studies of acute lung injury and bronchopulmonary dysplasia that
reported the secondary outcome of alveolar capillary permeability. Data is presented as a forest
plot with standardized mean difference and 95% confidence intervals. Effect sitasrOEV
treatment and >0 favors control. Subscript denotes a separate study or article that was published
within the same year. The &éOver al I-EVEffeétonc acy 0
lung vascular permeability from all studies combinétl.value represents the statistical
heterogeneity.
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Statistics for each study

Subgroups No. of Std Diff Lower
Studies in Means Limit

Tissue Source of MSCs (P=0.61)
Adipose N=4 -2.35 -3.89
Bone Marrow N=19 222  -2.91
Placenta N=1 -2.85 -445
Umbilical Cord N=4 417 -7.22
Immunocompatibility (P=0.001)
Allogeneic N=9 -4.27 -5.66
Xenogeneic N=19 172 2.3
EV Isolation Technique (P<0.001)
High Speed Centrifugation N=1 4,01 -6.16
Isolation Kit N=1 -13.35 -17.57
Not Described N=1 -2.85 445
Ultracentrifugation N=25 212 270
EV Subtype (P<0.001)
Both Small and Large EVs N=8 -3.55 -5.03
Large EVs N=9 -0.86 -1.20
Small EVs N=10 -2.90 -4.04
Unclear N=2 -8.55 -13.92
Route of Administration (P=0.27)
Intratracheal N=9 -2.79 -4.03
Intravenous N=18 219 -2.90
Unclear N=1 -3.49 499
Timing of Treatment {(P=0.08)
Concurrent N=5 -1.54 -259
Prevention N=1 4,01 -6.16
Rescue N=24 -2.65 -3.39
Animal Species (P=0.03}
Mouse Model N=20 -1.90 -2.46
Pig Model N=1 -3.44 -596
Rat Model N=7 -4.80 -7.13
Sex of Animals (P=0.009)
Female N=4 -4.01 -5.53
Male N=17 -1.78  -2.42
Unclear N=7 -3.62 -539

ALl Overall Efficacy -2.43 -3.05

Upper
Limit

-0.81
-1.53
-1.24
-1.11

-2.89
-1.14

-1.86
-9.12
-1.24
-1.54

-2.07
-0.51
-1.76
-3.18

-1.56
-1.47
-1.99

-0.49
-1.86
-1.91

-1.34
-0.92
-2.48

-2.48
-1.15
-1.85

Hetero-
geneity

12=75%

12=82%
12=0%

12=92%

17=74%
2=79%

1°=0%

1=0%

12=0%
1?=80%

’=74%
12=26%
12=81%
1’=76%

12=85%
12=82%
1°=0%

12=72%
12=0%
1°=85%

’=76%
1°=0%
|2=91 %

1?=38%
12=82%
12=85%

1= 83%

Standardized difference in

means and 95% CI

-8.00 -4.00 0.00

Favors EV

Figure 4.5. Subgroup analysis of alveolar capillary permeability.

4.00
Favors Control

8.00

Subgroup analysis for all included studies of acute lung injury that reporteetvedary outcome

of alveolar capillary permeability. Each row represents pooled estimate data from studies within
that subgroup. Data is presented as a forest plot with standardized mean difference and 95%

confidence intervals?value represents the ssical heterogeneity within each subgroup. Effect
treat ment and
effect of MSGEVs on lung vascular permeability from all studies of acute lung injury combined.

sizes <0 favors

EV

>0

favor s
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Study name Year Statistics for each study Standardized difference in

Std diff Lower Upper means and 95% Cl
in means limit limit

Chaubeya 2018 287 -479 -0.95 R
Chaubeyb 2018 2.02 -369 -0.35 ——
Ahn 2018 -1.05 -1.74 -0.35 . 3
Braun 2018 -3.70 -598 -1.42 ——
Willis 2018a 2018 -3.12 -557 -0.67 —r
Willis 2018b 2018 470 -7.85 -154 —
Porzionato 2019 -0.02 -089 0.86 -
Willis 2020a 2020 074 -1.75 027 = I
Willis 2020b 2020 -1.17 -2.34 0.01 —
Willis 2020c 2020 -0.40 -1.58 0.79 ——
Li 2020 -163 -255 -0.71 -
Overall Efficacy -1.45 -2.08 -0.82 <
1= 63% -8.00 -400 0.00 4.00 8.00

Favors EV Favors Control

Figure 4.6. Meta-analysis of lung alveolarization.

Metaanalysis for all included studies of bronchopulmonary dysplasia that reported the primary
outcome of lung alveolarization. Data is presented as a forest plotsteindardized mean
difference and 95% confidence intervals. Effect sizes <0 favors EV treatment and >0 favors
control. Subscript denotes a separate study or article that was published within the same year. The
60verall Effi cacy 0 ate ef MBEEY effedt sn alaeolgripatioh foth ale st i m
studies combined? value represents the statistical heterogeneity.
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Statistics for each study

Subgroups No. of Std Diff Lower Upper Hetero- Standardized difference in
Studies in Means Limit Limit geneity means and 95% CI

Tissue Source of MSCs (P=0.126)

Bone Marrow N=1 -3.97 538 256 12=0% e
Placenta N=1  -1.63 255 -0.71 12=0% -
Umbilical N=9 -1.26  -1.93 -058 [1°=59% ->
Immunocompatibility (P=0.045)

Allogeneic N=1 -3.70  -5.98 -1.42 12=0% e ti——
Xenogeneic N=10 -1.29 -1.89 -068 [2=57% ht

EV Isolation Technique (P=0.008)

Tangential Flow Filtration (TFF) Alone N=1 -0.02 -0.89 086 1>=0% e
TFF and Density Gradient Ultracentrifugation N=5 -1.39 243 -0.35 1°=58% ——
Ultracentrifugation Alone N=5 -1.84 264 -105 [12=47% -
EV Subtype (P=0.889)
Both Small and Large EVs N=2 170 529 190 I1°=89% —=rennii——
Small EVs Alone N=9 -1.44 202 -0.86 [2=44% <>
Route of Administration (P=0.040)
Intraperitoneal N=3 269 -3.80 -159 I12=0% -
Intratracheal N=3 -0.90 -1.76 -0.03 12=69% -
Intravenous N=5 -1.39 243 -035 |=58% -
Timing of Treatment (P=0.044)
Concurrent N=8 -1.91 281 -1.01 12=70% -
Rescue N=3 077 141 -012  12=0% A
Animal Species (P=0.559)
Mouse Model N=7 -1.66 -2.54 -0.77 12=55% -
Rat Model N=4 -1.25 227 -024 12=75% -
Sex of Animals (P=0.976)
Both Male and Females N=3 -1.49  -3.34 036 1=79% e oo
Unclear N=8  -1.46 213 -079 1>=54% <>

Overall Efficacy -1.45 -2.08 -0.82 [>=63% . 2

-8.00 -4.00 0.00 4.00 8.00
Favors EV Favors Control

Figure 4.7. Subgroup analysis of lung alveolarization.

Subgroup analysis for alhcluded studies of bronchopulmonary dysplasia that reported the
primary outcome of lung alveolarization. Each row represents pooled estimate data from studies
within that subgroup. Data is presented as a forest plot with standardized mean differe®& and 9
confidence intervals?value represents the statistical heterogeneity within each subgroup. Effect
sizes <0 favors EV treatment and >0 favors <co
effect of MSGEVs on alveolarization from all studiesrobined.
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Study name Year Statistics for each study Standardized difference in

Std diff Lower Upper means and 95% CI
in means limit limit
Lee a 2012 -7.22 -10.02 -4.42 —|
Lee b 2012 -9.90 -12.56 -7.23 —l
Chen 2014 -9.32 -12.93 -5.71 ——
Klinger a 2019 240 -412 -0.68 -
Klinger b 2019 -3.70 -575 -1.64 -
Klinger ¢ 2019 -2.33 -3.90 -0.77 S 5
Klinger d 2019 284 -474 -0.93 -
Klinger e 2019 245 -456 -0.33 -
Hogan 2019 -1.52 -2.68 -0.37 L
Zhang 2020 -3.16 -5.02 -1.30 i
Overall Efficacy -4.16 -5.68 -2.64 <@
12=84% 1500 -7.50 0.00 750 15.00

Favors EV Favors Control

Figure 4.8. Meta-analysis of right ventricular systolic pressure.

Metaanalysis for all included studies of pulmonary arterial hypertension that reported the primary
outcome of right ventricularystolic pressure. Data is presented as a forest plot with standardized

mean difference and 95% confidence intervals. Effect sizes <0 favors EV treatment and >0 favors
control. Subscript denotes a separate study or article that was published within tgeaafiee
60verall Efficacyd r epr&¥¢effact a3 right vgnuicularesybtolie st i ma
pressure from all studies combinetivalue represents the statistical heterogeneity.
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Sub Statistics for each study Standardized difference in
2ubgroups No.of Std Diff Lower Upper Hetero- means and 95% Cl

Studies in Means Limit Limit geneity

Tissue Source of MSCs (P=0.37)
Bone Marrow N=9 432 602 -2B61 12=85% <
Umbilical Cord N=1 -3.16  -5.02 -1.30 [12=0% -
Immunocompatibility (P<0.001)
Allogeneic N=3 -8.78 -10.48 -7.08 [2=0% -
Xenogeneic N=7 239 302 176 12=0% *
EV Isolation Technigue (P<0.001)
TFF and SEC N=1 152 288 -0.37 12=0% -
Ultracentrifugatian N=7 326 -441 212 12=56% <>
Ultracentrifugation and SEC N=2 -8.59 -11.22 -5.97 12=46% e
EV Subtype (P=0.32)
Both Small and Large EVs N=6 -3.35 472 197 12=63% <
Small EVs Alone N= -5.29  -880 -1.69 [12=93% e
Timing of Treatment (P=0.80)
Concurrent N=1 468 -940 004 [2=88% :
Prevention N=7 562 -13.82 258 12=97% p——
Rescue N=2  -349 485 213 12=62% <>
Sex of Animals (P<0.001)
Male N=7 -239 302 -1.76 12=0%
Unclear N=3 -8.78 -10.48 -7.08 [12=0% <

Overall Efficacy -4.16 -5.68 -2.64 1=84% <P

-15.00 -7.50 0.00 7.50 15.00
Favors EV Favors Control

Figure 4.9. Subgroup analysis of right ventricular systolic pressure.

Subgroup analysis for all included studies of pulmonary arterial hypertension that reported the
primary outcome of right ventricular systolic pressure. Each row represents pooled estimate data
from studies within that subgroup. Data is presented as a forest plot with standardized mean
difference and 95% confidence intervafvalue represents the statistical heterogeneity within

each subgroup. Effect sizes <0 favors EV treatment and >0 favarssconl . The o6Over al
is a pooled estimate effect of MS&/s on right ventricular systolic pressure from all studies
combined.
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NIH Preclinical Reporting Guidelines Level of Reporting
- No. of D
Domain Item Studies % (n/N)
Reporting Standards Reporting guidelines were utilized 0 100
Results substantiated under a range of 31 80 40
conditions
Number of subject_s reported for at 40 77 23
least one fn vivo outcome
. Number of subjects reported for all in 60 40
Replicates vivo outcomes 3
Number of measurements per subject 30 58 42
stated for at least one in vivo outcome
Number of measurements per subject
L 2 4 54
stated for all in vivo outcomes
Statistical tests reported 52 100
Statistics Defined measure of central tendency 52 100
Defined measure of dispersion 50 96 4
Randomization of animals was reported 24 46 54
Randomization
Method of randomization was described 0 100
Experimenters were blinded while 0 37 63
o conducting study
Blinding - - -
Experimenters were blinded during 19 100
outcome analysis
Sample size calculation was reported 7 13 87
. . Adequate details provided to calculate
Sample Size Estimates sample size 0 100
Total numb.er of animals used in all 17 13 67
studies was reported
Primary cutcome was described 0 100
Other Parameters — - -
Criteria provided for exclusion of data,
. 7 13 87
subjects and/or results

Figure 4.10. Adherence of MSCEV studies to the NIH preclinical reporting guidelines.

Completeness of reporting for lung studies of MBSZs (N=52). The NIH preclinical reporting
guidelines was used as the standard for reporting adherence. The absolute number of studies that
reported each NIH parameter io@m. In addition, the percentage of studies that reported (green)

or did not report (red) a specific study design parameter is presented.
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Author, Year
Lee, 2012
Chen, 2014
Choi, 2014
Zhu, 2014

Li, 2015

Cruz, 2015
Monsel, 2015
Aliotta, 2016
Gao, 2016
Willis, 2017
Stene, 2017
Aliotta, 2017
de Castro, 2017
Tang, 2017
Ahn, 2018
Khatri, 2018

Potter, 2018
Liu, 2018
Chaubey, 2018
Brain, 2018
Bandeira, 2018
Porizonato, 2019
Li, 2019 a
Hogan, 2019
Yi, 2018

Xu, 2019
Varkouhi, 2018
Silva, 2019
Maremanda, 2019
Mansouri, 2019
Li.2019 b

Liu, 2019

Li, 2019 ¢
Huang. 2019
Hao, 2019
Chen, 2019
Zhaorigetu, 2020
Zhang, 2020
Xu, 2020
Willis, 2020
Wang, 2020
Monroe, 2020
Li, 2020

Lei, 2020
Klinger, 2020
Kim, 2020
Harrell, 2020
Fang, 2020 a
Fang, 2020 b
Dinh, 2020
Deng, 2020
Chen, 2020

Figure 4.11. Risk of bias assessment.

Risk of bias assessmefur MSC-EV studiesin accordance with the SYRCLE tool. Yellow
represents unclear, green represents low risk of bias and red represents high risk of bias. Light
yellow represents a study that reported randomization or sample size calculations, but did not
provide detailed mteodology on how these parameters were achieved. Light green under
Ablinding of outcomeo represents studies tha
represents blinding of all outcomes.
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5.1 Abstract

Background: Acute respiratory distress syndrome is a devastating condition characterized by
severe lung inflammation. Mesenchyrmsttomalcell-derived extracellulavesicles (MSEEVS)

are a promising cefree therapy for preclinical acute lung injury (Alpreclinical correlate of
ARDSI). However, no studies have investigated their biodistribution in ALI or discerned the
timing of administration for maximal lungrgeting, which are crucial considerations for clinical
translation. We aimed ttharacterize a mouse model of Adridestablish the pharmacokinetics

and optimal timing for MSEEV delivery during ALI.

Methods: MSC-EVs were isolated by ultracentrifugation or tangential flow filtration (TFF), and
characterized by nanoparticle tracking analysis and western blot. Actiotse study of
inflammatory response over 72h was conducted using a lipopolysaccharigenii®®d mouse
model of ALI. Severity of lung injury was assessed by histological lung injury score and analysis
of cell count and inflammatory cytokines in bronchoalveolar lavage fluid. For biodistribution
studies, ALl mice were intravenously injected witlofescently labelled MSEVs to determine

the optimal timing of administration and orgspecific biodistribution. Liven vivo andex vivo

fluorescence imaging was conducted at various timepointsgostjection.

Results:EVs isolated byeitherultracentrifugation or TFF displayed comparable size distribution
(50-350nm) and EV marker expressig8D63/81) TFF generated a 5féld higher particle
concentration and 3-@ld higher total proteirwhen compared to ultracentrifugatidfrom the
inflammatory timecourse studygell count andL-1 fpeakedn bronchoalveolatavage fluidat

24h after ALI induction In subsequenadministration studs MSCGEVs delivered 24h (as
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opposed to 0.5h, 5h or 10h) after disease induction produceedadZald higher aggregation of
EVs to the lungsBiodistribution studies comparing orgapecific MSGEV uptake showed
progressive lung accumulation up to 4&8kstdelivery (3fold higher than the spleen/liver), with
a decline at 72h. Importantly, EV fluorescence in lungs of ALI mice were significantly elevated
as compared to control mice at 48te lung tropism of MSEVs was further validated as
therapeuticlly inert EVs derived from HEK293T cells accumulated to the spleen and liver with a

5.5fold lower degree of distribution to the lungs as compared to 8§

Conclusion: The optimal time to administer MSEVs for greatest lung distribution during
heightened inflammation aR4h after ALI induction.The progressive increase in alveolar
permeability and inflammatory homing signals during ALl may explain the augmented
accumulation of MSEEVs to the lungs over 48h of systemic circulatidhe findings fromthis

study provide evidence that MSE/s may serve as a practical rescue treatment for acute
respiratory conditions due to their lung tropism, especially during states of augmented

inflammation.

160



5.2 Introduction

Acute respiratory distress syndrome (ARDShislevastating critical illness with high
mortality rates (3660%)>° It carries one of the highest cost of any acute care condition due to
requirements of intensivcare management and prolondesspital stay>? During ARDS, a
localized pulmonary inflammation in response lomg infection or injury leads towascular
hyperpermeabilitymigration of inflammatory cells into the airwaymmd impairedyas exchange
all of which may induceespiratory failureDespite decades of research, there are no curative
therapies foARDS. Preclinical animal studies have indicated mesenchymal stromal cells (MSCs)
as a promising therapy to reduce inflaation, promote tissue regeneration angrove survival
in ARDS.181.198201 However, a recent phase lla clinical trial for treatmenfABDS showed no
differences in efficacy between MSCs and placebo cofftf@losthoc analysis demonstrated a
wide range in cell viability from 36 to 85%, thereby highlighting the important technical challenges
faced when manufacturing an effective and \eai®ll therapy.

In the past decade, it has been shown that MSCs do not require tissue engraftment for
efficacy?°%2!2 Rather, MSCs achieve their protective effects through paracrine mechanisms
including secetion of nanesized membranb ound particles known as
(EVs)21¥217.247Thesevesicles carry biologically active cargo that modulate critical cellga®ses
including programmed cell death, proliferation and inflammation. Hence, -t#3i@ed
extracellular vesicles (BG-EVs)represent a possibility to harness the benefits of MSCs d&-an o
the-shelf, celifree immummmodulatory therapyin particular, respatory diseases have become a
prominent focus for the development of M&EWYs 2474530ur recent systematic review found that
MSC-EV administration results in therapeutic benefit to various lung diseases ranging from acute

to chronic and neonatal to adult conditidfdndeed, our quantitative megaalysis demonstrated
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that in animal studies of acute lung injury (ALI, preclinical correlate of ARDS), MS€
improved clinicallyrelevant outcomes including histological lung injury, lung vascular
permeability, inflammatory cell infiltration and mortality.

With rapidly rising interest in developing EV therapeutics, many studies have focused on
identifying molecular mediatorsesponsible for MSEEV function. Of note, a variety of
microRNAs, mRNAs, growth factors and transcription factors encapsulated withinBWSC
have been shown to play critical roles in attenuating lung iffirf>The culmination of these
biologically active factors enables the faogiogenic, preproliferative, and amtinflammatory
properties commonly associated with M&@s24’ Although these mechanistic insights add to
our growing understanding by which EVs exert their benefits, the tissue distribution pattern of
MSC-EVs has yeto be well characterized. We previously reported that less than a quarter of
MSC-EV studies conducted biodistribution analyfééand our lungfocused systematic review of
MSC-EVs found only two studies that qualitatively observed EV distribution in histological lung
sections by fluorescence microscapy>®?Neither study quantitively assessed the biodistribution
of MSC-EVs during ALI, nor didhey determine optimal the timing of administration for maximal
lung targeting. In other disease states, the distribution pattern ofBNSChas been linked to
regions of injury where prmflammatory environments may facilitate vesicle honfitef>’ Here,
we used fluorescently labelled MSE/s andin vivo optical imaging techniques to establish the
pharmacokinetics and optimal timing of MY delivery in a preclinical mouse model of ALL.

We hypothesized that, during a state of heightdmegl vascular permeability and inflammation,

MSC-EVs would exhibit greater targeting to the lung tissue.
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5.3 Materials and Methods
5.3.1Study Approval
Animal studyprotocols were approved by the Animal Care Committee of the University

of Ottawa.

5.3.2Cell Culture

Human umbilical cord MSCs (UBMSCs) were derived from umbilical cords as previously
described®® Both ruman bone marroMSCs (BM-MSCs, Lonza, Basel, Switzerlandénd
umbilical cord MSC{UC-MSCs, University of Dresdemanging from passage@were cultured
in 175cnt flasks for production of EVs. BMSCs and tMSCs were cultured in Minimum
Essenti al(MBMeld i uTnmeld mo Fi sher Scientific, MA, |
bovine serum (FBS, Thermo Fisher Scientific, MA, US) and penicillin/streptomycin. MSCs were
confirmed for their adherent property to plastiaring culture conditionsand trilineage
differentiation potential. As we flow cytometry (Attune Acoustic Focusing cytometer,
Invitrogen CA, US was used tdetectthe expression (CD105, CD73, CD90) and absence (CD19,
CD34, CD14, and HLADR) of surface antigensvhich was analyzed usifiowJo10.0 software
(FlowJo, LLC)*%°

HEK293T cells (ATCC, VA, USA) were culturedri t h Dul beccobs Mo d i
Medium (DMEM, Thermo Fisher Scientific, MA, US) supplemented with 10% FBS and
penicillin/streptomycin in 175cAflasks. All cell cultures were maintained in a 37°C, 5%, CO

and 5% Qtissue culture chamber.

5.3.3EV Isolation and Characterization
MSCsand HEK293Tsat 8090% confluency were cultured for 24h with sertree media.

The media wasollectedcentrifuged aR,500g for 10mins at 4°C to remove live cells and apoptotic
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bodies. The supernatant was collected &moden at-80°C until EV isolation After media
collection, cells were counted using aotomated cell countgiCountes8¥, Thermo Fisher
Scientific, MA, US, orCellDrop™, DeNovix, DE, USA.

Two techniques were employed for EV isolatigh) Ultracentrifugation Conditioned
media was centrifuged at 20,0009 for 20 mins. The supernatant was collected and 8p100ag
for 90mins at 4°GOptima L-100 XP Ultracentrifuge, Rotor 45Ti, Beckman Coulter, CA, USA)
and then resuspendado phosphatéuffered saline (PBS, Thermo Fisher Scientific, MA, USA).
A second 100,000g spifOptimaMAX Ultracentrifuge, Rotor TLAS55, Beckman Coulter, CA,
USA) was completed beforeesuspending into PBfr storage at80°C. (2) Tangential Flow
Filtration (TFF): Supenatant was concentrated using a modified polyethersulfone hollow fiber
with a 500 kDa filter cartridg@MidGee Hoop Ultrafiltration CartridgdJFR-500-C-H42LA, GE
Healthcare, UK)followed by centrifugation at 100,000g for 30 mins at 4°C before resuspensio
in PBS and storage &80°C.

Protein concentratioof EVswasdetermined by C proteinassayBio-Rad, ON, Canada)
and immunoblot analysis o€D63 and CD81 were used to confirBV enrichment Sze
distribution and particle concentration was determineddigView Particle Metrix, Meerbusch,

Germany.

5.3.4Immunoblot

An SDSpolyacrylamide gel electrophoresisof M&Vs (5 e€g) wad perfo
20% Mini-PROTEAN® TGXE Protein Gels (BieRad, ON, Canada). Separated proteins were
transferred to nitrocellulose embranes (NOVEX iBLOT Transfer Stacks, Thermo Fisher
Scientific, ON, Canada) and membrane blots were blocked with a 5% milk solutionif [iBS

buffered saline with 0.1% Twe€&20). After blocking, blots were incubated overnight at 4°C with
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primary antbodies for EV proteins including CD63 (1:200, Abcam, Canada) and CD81 (1:200,
Santa Cruz, USA). Washed membranes were incubated with an IRDye® 800CGVYabaitti
secondary antibody (LCOR Biotechnology, NE, USA) before imaging with the Odyssey®

imaging sysem (LI-COR Biotechnology, NE, USA).

5.3.5Mouse Model of Acute Lung Injury

C57BL/6 male mice (2®5g) aged B12 weeks were used for all animal studies. Mice
were anesthetized with ketamine/xylazine, orally intubated with a sterile catheter and
intratracheallya d mi ni st ered 50¢g o fE. doliOp5Bf Milipopesiggne,h ar i de
VT, USA) resuspended in 40uL of PBS. For studies assessingB¥Skiodistribution, mice
received jugular vein injections of either PBS (background control) or DiR labelled ENSC
The incision site was sutured after EV infusion and animals were assessed twice daily for wellness.

At study endpoint in the inflammatory tiredurse experiment, the left lung was collected
for histological analysis. The right lung was lavaged threetsm wi t h 500¢L of sal
bronchoalveolar lavage fluid (BALF) for outcome analysis. Blood was collected through the
inferior vena cava and centrifuged at 2000g for plasma collection, and subsequently stored at

80°C.

5.3.6Lung Histology

Two separatesections of the left lung were used for histopathological analysis. Lung
tissues were fixed in 4% paraformal dehyde, er
sections with a microtomgeica Microsystems, Ontario, Canada)ing sections were adhered
a microscope slide and stained with hematoxylin and eosin. Imageseerieed by Panoramic
DESK (3DHISTECH, Hungary) scanscope usiag?anoramic Scanner and analysed using

CaseViewern(3DHISTECH, Hungary)Five random higipower fields (40x magnificain) for
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each mouse were analyzed for histological lung injury and scored as per the American Thoracic

Society guidelines for features and measurements of experimental ALI.

5.3.70ptical Imaging

The IVIS Spectrumin vivoimaging systen{PerkinElmer Inc., Waltham, MA, USAyas
utilized to investigate the biodistribution of MS&/s and EVs derived from HEK293T cells
(HEK-EVS). EVs were labelled with a lipophilic neiafrared dye,1 ,-diodjadecy3, 3, -3 Nj, 3 Nj
tetramethylindotricarbocyanine iodigBiR; Il nvitrogen, CA, USA) acco
recommendati ons. Briefly, EVs are incubated
100,000 g ultracentrifugation at 4°C before resuspension in PBSeMi r ecei ved 15¢g
labelled EVs via jugular vein injection. Fluorescence imaging was conducted using the IVIS
Spectrum system with excitation and emission filters at 745nm and 800nm, respectively. To
measure the biodistribution of DiR labelled EVgjioms of interest were gated arouexl vivo
organs. Fluorescence was measured in units of radiant efficiency, which is the ratio of emission
light (photons/sec/cth s r) t o e x c i t?)alt dll experirhentg and at daeh\ithepaint,
mice treated wit PBS were used to generate background fluorescence that was subtracted from

EV-treated organ fluorescence values.

5.3.8Measurements of BALF Cell Count, Protein Concentration and Cytokine Analysis

BALF cell concentration was determined usingCauntes8” automated cell counter
(Thermo Fisher Scientific, MA, USA). BALF was then centrifuged at 800g to pellet cells, while
the supernatant was frozen-80°C until further analysis.

BALF protein concentration was measured using a DC protein assayR&8ioON,
Camda). ILEb  a n-@ comcéntrations in BALF and plasma were measured using murine

cytokinespecific ELISA kits (Thermo Fisher Scientific, MA, USA).
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5.3.9Statistical Analysis

Data are represented as mean + SEM unless otherwise Statsdtical analysis was
completedusing t u d etestor®OseWway ANOVA (> 2 gr oupmsthod ol | ow
test for multiple comparisos. All datistical analyss were conducted using GraphPad Prism

(GraphPad Software, version 9.1.0, San Diego, USApl&e < 0.05 was esidered significant.

5.4 Results
5.4.1Characterization of MSC-EVs by Tissue Source and Isolation Method

Bone marrow, the most common source for MBC enrichment, requires an invasive
procedure that may not be the most efficient for MSC isola&fio@onversely, umbilical cord
tissue has emerged as an attractive-ineasive source given its abundance afiiciency in
generating MSC§244?Hence, we first determined which MSC source may be most effective for
EV production. As compared to bone marrow MSCs-MECs exhibied more typical MSC
morphology including flattened spindle shape enabling increased cell déngitye(5.1A). EVs
from both tissue sources displayed CD63/CD81 expression by Westerr{Fijaote 5.1B).
Although umbilical corederivedEVs displayed the largest mean size (112.2 + 5&x3, both
group of EVs were within the 3@l50nm size rangéFigure 5.1C). UC-MSCs poduced a
concentration oEVs 3-fold higher tharBM-MSCs.Hence, UCGMSCs were selected as the cell
type of choice foin vivo biodistribution experiments.

Conditioned mediated from USISCs were isolated by both ultracentrifugation and TFF
to compare theisolation efficiencyBoth methodssolated EVs with comparable size distribution

(Figure 5.1D). TFF resulted in 54old more EV particles and 3f@ld higher total protein as
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compared to ultracentrifugation. Hence, TFF was used as the primary isaéationque for

subsequent experiments.

5.4.2UC-MSCs Have Markedly Elevated EV Production as Compared to HEK293T Cells

HEK293T cells have been widely used in EV research to their rapid proliferation, high

yield and ease of genetic manipulatfiéh?5°4¢Efficiency of EV production between URISCs

and HEKEVs were compared (N=4 per group). On average, 4.9+0.4 milliorM8Cs in a

175cn* flask reach confluency for media collection and EV isolation. In the same flask, 12.1+0.2

million HEK293T cells rach confluency for EV isolation. When utilizing TFF for EV isolation,
UCMSCs produce O0.46KN0.02 &g of EV protein
produce 0.24N0.02 &g of EV protein per -mL
MSCs (068t@ 7 mi | I i on c el-fold mereg éfficiamteat produringeEVs than

HEK293Ts (2.95+0.15 million cells/

5.4.3Molecular Markers of Inflammation Peak at 10-24h After ALI Induction

We conducted a timeourse studyo determine theénflammatoryresponsen our mouse

model of ALI. Following intratracheal LPS administration, mice were sacrificed at 1h, 3.5h, 10h,

24h and 72h. In plasma, variable concentrations4ih b a +6 everd observed with a potential

peak in I1L-6 at 3.5h posLPS (igures5.2A and B). Lung vascular permeability as measured by

per

of

BALF protein concentration was maximally detected at 24 to 72 hours after disease induction

(Figure 5.2C). BALF cellcountand IE1 b | evel s wer e -LPS, whereas 6 a't
levels peaked at 1Qfrigures 5.2D-E). These results indicate a localized pulmonary injury from
intratracheal LPS administration with a peak in inflammatory responseZ4t ifurs after disease
induction.A delayed response in histopathological lung injury was observed as lungsoguey

was highest at 72 hours after LPS administratiogure 5.3).
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5.4.40ptimal Timing of MSC -EV Administration During ALI

MSC-EVs were intravenously injected into mice at 0.5h, 5h, 10h and 24h after ALI
induction Eigure 54A). Given the animal skin/tissuearrier and autofluorescence of rodent
chow*2483ive fluorescence images of mice were assessed qualitativguré 5.4B). The
fluorescence intensity a#x vivolungs and livers enabled quantitative comparison of NESC
distribution between groupkVs injected 24h podtPS at the height of lung inflammation and
alveolar permeability, resulted in enhanced accumulation compared to other administration times
assesed (Figure 54B). In contrast, timeof EV administration did not affect the hepatic
distribution ofMSC-EVs asno inflammatory changes or hyperpermeability within the |mes
expected Figure 54C). Hence, the 24h administration timepoint was used flnsequent

experiments.

5.4.5Biodistribution Analysis Indicates Lung Tropism by MSC-EVs
We next aimed to better understand the kinetics and @p@eific uptake of EVs over
time. ALI was induced in mice through intratracheal LPS administration at Oh, folloywed
delivery of DiR labelled MS&EEVs ( 15eg) at 24h. Mice were allo
live andex vivoorgan imaging at 0.5h, 3h, 10h, 24h, 48h or 72h after EV administr&iguré
5.5A). From live mice imaging, greater fluorescence in ting land liver region was evident over
72h as EVs were given more time to redistribtigre 5.5B). From quantitativeex vivoorgan
analysis, we found progressive increase in lung accumulation over 72h afteEWI8(ction
with maximal accumulation at 48 Importantly, MSGEV fluorescence intensity in the lungs of
mice with ALI at 48h was-3old higher than the spleen and liver, andf@@ higher than kidneys

(Figure 55C).
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Next, we administered DiR labelled MSEY/s in naive mice to determine whethee th
enhanced lung accumulation of M&Ys is due to a state of pulmonary inflammation and
hyperpermeability. In contrast to ALI, naive mice demonstrated markedly reduced distribution to
the lungs with greater accumulation to the liver and spleen at 48mgscEd to mice with lung
injury (Figure 5.6). These findings confirm that MSEVs exhibit augmented lung tropism during

ALL.

5.4.6Biodistribution of HEK -EVs Indicate High Liver and Spleen Targeting

To investigate whether the lung tropism of EVs is specifiM®&C-EVs, DIR labelled
HEK-EVs (15egg) were intravenously i kiguebi7A.d i nto
Similar to MSGEVs, HEK-EVs displayed markedly elevated lung targeting during ALI as
compared to naive mic&igure 5.7B). No differencesn HEK-EV accumulation to the liver or
spleen were observed between ALI or naive miigufes 57C and D). Notably, HEKEVs
exhibited a 5.5old lower distribution to the lungs as compared to MS& at 48h, and a 3.1

fold and 7.7fold greatedistribution to the liver and spleen, respectivéliggre 5.8).

5.5Discussion

The field of EV therapeutics is growing at an exponential rate due to their favorable
properties as an othe-shelf, celifree intervention. Hundreds of articles have providedence
for the restorative abilities of MSEVs in diverse disease domains. However, our preclinical
systematic review investigating the efficacy of ME¥s found a paucity of biodistribution
experiments to confirm whether EVs do in fact reach their tdiggte of interest!’ Within the
respiratory field domain, no existing publications have examined the digtntkinetics of MSE

EVs during pulmonary disea$¥.In this study, we first characterized an l-P8uced mouse
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model of ALI. Peak inflammatory response and vascular permeability was dete€2dchdQrs
after intratracheal LPS. Notably, delivering M&V's at 24 hours post disease induction resulted
in enhanced lung accumulation of EVs. To our knogedho other studies have investigated the
most effective timing of EV administration during ALI. Notably, these findings align well with
clinical expectations as MSEV therapies may be administered as a rescue intervention for
patients with ARDS, whiletsl exhibiting lung localization.

It is known thain vivo biodistribution of EVs reflects the cell source. Moreover, the main
sites of MSGEV accumulation have been reported to be in the liver and spleen, with minimal
distribution to the lung®’ Interestingly, we found that umbilical cord MSEYs exhibited high
lung tropism that was far greater than any other organ, which was further pronounced during ALI.
These findings can be attributédl the increase in lung vascular permeability as well as the
immunomodulatory properties and inflammatory homing often associated withB¥S¢®’ For
example, EVs exhibit negligible accumutatito the heart and kidneys in healthy anims.
However, in a mouse model of myocardial infarction, deposition of MS€ into the infarcted
heart was markedly elevated as compared to healthy animals due to increased coronary vascular
permeability?®® Similarly, preferential targeting of MSEVs to the kidneys was observed in
response to acute renal inj? Proteomic profiling of macrophagkerived EVs revealed integrin
expression as a large proportion of exosomal membrane prifi€inese cell adhesion rezules
were found to be integral in the selective binding of EVs to the site of injury during kidney
ischemia/reperfusion, which was otherwise negligible in healthy animals. Authors also found that
EV accumulation was gradually increased with prolongeteiic injury*® Similarly in our
study, we observed a peak in EV distribution at 48h after delivery (72h after disease induction),

which corresponds to a peak in histological lung injury.
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Interestingly, when the biodistribution of HERVs were evaluated, we found that lung
tropism was specific to MSEVs as HEKEVs accumulated in the liver and spleen with minimal
distribution to the lungs. A recent systematic review that synthesized E\stbimation data
illustrates that this pattern of HEEV organ disposition is consistent with what is commonly
observed in EVs from various cell souré&The liver and spleen are known to be common sites
for clearance of EVs. Moreover, given HEK293T cells aregieutically inert unlike MSEVs,
the preferential targeting of HEEVs to injured lungs during ALI was also significantly
attenuated. These findings add to the growing notion that-EM8&€ may serve as a practical
intervention to disseminate to the lungs €xertion of their immunomodulatory effects during
ALl

Our study observed a more efficient production of EVs when utilizing TFF combined with
umbilical cord MSCs as opposed to ultracentrifugation and bone marrow tissue.
Ultracentrifugation is the modrequently applied technique for EV enrichment due to its
widespread availability and isolation specificify.However, potential aggregation of proteins,
limitations on the amount of material that can be processed, and its inefficient yield of EVs are
considerable limitations to clinical scaletf?®More recently, TFF has become an appealing
approach with its minimal restrictions on media volume and absence of centrifugal force that
prevents vesicle damad¥.Previous articles have similarly demonstrated markedly improved EV
yield, purity and batcho-batch consigncy, in addition to potentially greater efficacy from TFF
isolation243467

There are limitations in outwdy that warrant discussion. Although we did not conduct an
interventionalin vivo study, the therapeutic efficacy of MSE/s in preclinical ALI have been

well documented and our recent mataalysis of these studies provide further evidence for their
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protective propertie$>* Due to the scarcity of pharmacokinetic insight, we decided to focus our
efforts on addressing the important knowledge gaps of EV biodistribution and timing of
administration during respiratory injury. Of note, we used DIR, a lipophilic membrane dye, for our
imaging studies. While there may be alternative methods that offer iadrsascificity including
membrane radiolabeling or engineering with bioluminescent tags, DIR offers high sensitivity
during ex vivoorgan imaging, efficient EV labelling and simplicity with no requirements of
molecular modificationé®® Moreover, fusion of bioluminescent tags to EV proteins (e.g. CD63)
has been shown to alter the physiological biodistribution of EVs which may produce findings that

is notrepresentative of unaltered MS&/ pharmacokinetic$®

5.6 Conclusion

In summary, we found that intravenous delivery of MBSZs at 24 hours after thenset
of respiratory injury allows for maximal lung accumulation. Notably, MS& most commonly
distribute to the lungs, followed by the liver and spleen with negligible accumulation to the
kidneys. MSGEVs derived from human umbilical cord tissue exhdaihanced lung tropism,
which is even more pronounced during ALI. This finding was further validated as EVs derived
from therapeutically inert HEXR39T cells demonstrated a markedly attenuated lung distribution
pattern with greater accumulation to the lie@d spleen. Overall, the preferential distribution of
MSC-EVs to the lungs during ALl when delivered as a rescue therapy represents a promising

finding to optimize treatment protocol and attenuate lung injury during ARDS.
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Figure 5.1. MSC-EV isolation and characterization.

(A) Comparison of cell morphology between bone marrow (BM) and umbilical cord (UC) derived
MSCs. (B) Western Blot analysis of EV protein markers including CD63 and CD81 from both
sources of MSEEVs. (C) Comparison of particle size distribution between USCNEVS (blue)

and BM MSGEVs (green). (D) Comparison of particle size distribution between UC-M&E
isolated by tangential flow filtration (TFF) and ultracentrifugation (green).
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Figure 5.2. Inflammatory time course study of LPS induced mouse model of ALI.

Mice were sacrificed at various timepoints after intratracheal LPS. Plasma concentrations of (A)
IL-1 b a n d-6 (e varinble after disease induction. (C) Lung vascular permeability as
assessed hyronchoalveolar lavage fluid (BALF) protein concentration peaked at 24 to 72 hours.
Both BALF (D) cell concentration and (E)4Lb | evel s wer e hi ghest
induction, whereas (F) K6 levels peaked at 10 hours. Data are presented astn@ad, N=34

per timepoint, * P<0.05, ** P<0.01, *** P<0.001.
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