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Abstract

Acute lung injury (ALI) resulting from remote ‘indirect’ causes is a major problem in sepsis and
systemic inflammatory response syndrome (SIRS) but the underlying mechanisms are poorly
understood. Circulating microvesicles (MVs) have been implicated as long-range mediators of
vascular inflammation and their role as biomarkers in sepsis and SIRS has been widely investigated
in clinical studies in recent years. However, the in vivo functional roles of MVs in sepsis and ALI have
received less attention. Specifically, the role of in vivo MVs in the development of sepsis/SIRS-

induced indirect ALI has not been previously evaluated.

We hypothesised that circulating microvesicles (MVs) play a crucial role in propagating inflammation
to the lungs, contributing to the development of pulmonary vascular inflammation in indirect ALI. The
overall aims of this project were to: 1) evaluate MV uptake by pulmonary vascular cells and the
mechanisms involved, 2) characterise the intravascular production of MVs in animal models of sepsis
and sterile extrapulmonary organ injury, and 3) identify the contribution of in vivo-derived circulating

MVs to the development of indirect ALI.

The major findings of this work were that during sub-clinical endotoxaemia in mice, lung-marginated
Ly6C"e" monocytes become a major target for circulating MV uptake via a phosphatidylserine receptor
mechanism’. In mouse models of sepsis and extrapulmonary organ injury, neutrophil- and monocyte-
derived MVs were the predominant MV subtypes being produced during endotoxaemia, while platelet-
and endothelial-derived MVs were predominant during kidney ischaemia reperfusion injury. When
MVs obtained from plasmas of endotoxaemic mice were adoptively transferred to isolated perfused
lungs (IPLs), they induced significant increases in lung oedema. Depletion of intravascular lung
monocytes by treatment with clodronate liposomes resulted in the reversal of the oedema,
demonstrating the role of monocytes in MV-induced ALI. To investigate the contribution of different
circulating MV subtypes, we immunoaffinity isolated myeloid (CD11b+) and platelet (CD41+) MVs
from endotoxaemic mouse plasmas and transferred these to the IPL. We found that myeloid-MVs
induced significant lung oedema and potent release of soluble mediators, whereas platelet-MVs
produced a statistically significant, but much lower level of oedema and negligible release of soluble

mediators.

In summary, these findings indicate an important role of myeloid-derived MVs, particularly those
derived from neutrophils and/or monocytes, and their interaction with lung-marginated monocytes in
the pathogenesis of pulmonary vascular inflammation in indirect ALI. Further work to elucidate the
specific MV molecular effectors mechanism involved will facilitate an enhanced understanding of ALI

pathobiology.
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Acute respiratory distress syndrome
Acute renal failure

Adenosine triphosphate
Bronchoalveolar lavage fluid

Bovine serum albumin

Chondroitin sulfate

Caecal ligation and puncture
Cyclooxygenase

Dextran sulfate

Damage-associated molecular pattern
Disseminated intravascular coagulation
Dulbecco’s modified eagle medium
Enzyme-linked immunosorbent assay
Foetal calf serum

Fluorescence Unit

FACS Wash Buffer

Human Albumin Solution

High mobility group box 1

Heat shock protein

Intraperitoneal

Intravenous

Intercellular adhesion molecule 1
Intensive care unit

Interferon

Interleukin

Intraluminal vesicles

Isolated perfused lung

Ischaemia reperfusion injury

Inferior vena cava

Lipoxygenase

Lipopolysaccharide

Leukotriene

Mean arterial pressure

Matrix metalloproteinases

Multiple organ failure
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MSCs
MVBs
MVs
NO
NOS
PAF
PAMPs
PaO./FiO-
PBS
PC
PEEP
PG
PIMs
PMNs
Poly-C
Poly-I
PRRs
PS
PSG
PSGL-1
RAGE
RES
RPMI
SIRS
SOFA
SR-A
SR-B
TNF-a
VCAM-1
VEGF
vWF

Mesenchymal stem cells
Multi-vesicular bodies
Microvesicles

Nitric oxide

Nitric oxide synthase
Platelet activating factor

Pathogen-associated molecular pattern

Partial pressure of oxygen to fraction of inspired oxygen ratio

Phosphate Buffered Saline
Phosphatidylcholine

Positive end expiratory pressure
Prostaglandin

Pulmonary intravascular macrophages
Polymorphonuclear cells

Polycytidylic acid

Polyinosinic acid

Pattern recognition receptor
Phosphatidylserine

Penicillin streptomycin glutamine
P-selectin glycoprotein ligand-1
Advanced glycation end products
Reticuloendothelial system

Roswell Park Memorial Institute medium
Systemic inflammatory response syndrome
Sequential Organ Failure Assessment
Scavenger receptor A (CD204)
Scavenger receptor B (CD36)

Tumour necrosis factor alpha
Vascular adhesion molecule 1
Vascular endothelial growth factor

Von Willebrand factor
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Chapter 1 Introduction

1.1 Acute Lung Injury (ALI) and Acute Respiratory Distress Syndrome (ARDS)

1.1.1 Definition, diagnosis and epidemiology

Acute Respiratory Distress Syndrome (ARDS) is a clinical syndrome first described by David
Ashbaugh in 1967 based on 12 cases over 2 years in the intensive care unit (ICU)>*. These patients
developed symptoms that included severe dyspnea, tachypnea, cyanosis that is refractory to oxygen
therapy, loss of lung compliance and diffuse alveolar infiltration seen on chest X-ray*. Due to the
heterogeneity of underlying causes and the lack of uniform definitions for ARDS over the years, the
American European Consensus Conference (AECC) defined ARDS in 1994 as “acute onset of
respiratory failure”, characterised by bilateral opacities on chest imaging and partial pressure of
oxygen to fraction of inspired oxygen ratio, PaO,/FiO, < 200mmHg, in the absence of left arterial
hypertension®. Acute Lung Injury (ALI) was also described by the AECC at the same time, using
similar criteria but with less severe hypoxaemia (PaO2/FiO2; < 300 mmHg). In 2013, the Berlin
definition proposed three categories of ARDS based on degree of hypoxaemia: mild (PaO./FiO, < 300
mm Hg), moderate (PaO2/FiO; < 200 mmHg), and severe (PaO,/FiO,< 100 mmHg). Severe ARDS
can be identified with 4 ancillary variables: radiographic severity, respiratory system compliance (=<
40mL/cmH20), positive end-expiratory pressure (PEEP = 10cmH20), and corrected expired volume
per minute (= 10L/min)®. Since then, ALI and ARDS have been used interchangeably in clinical
settings to encompass both syndromes. Despite the wide disparity in the literature due to changes in
ALI/ARDS definition, population based prospective epidemiology studies have reported that the
incidence of ALI in units of cases per 100,000 person-years, is around 79 in the US’, 15-34 in Europe®,
34 in Australia® and 18 in Scandinavia'®. Across these studies, mortality of ALI patients is reported to
be in the range of 32-50%"'"'2. Whilst most epidemiologic studies have focussed on patients in the
ICU requiring mechanical ventilations, studies have shown that cases of ALI also occurs in non-ICU

settings, suggesting a general underestimation of ALI incidence'.
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1.1.2 Pathophysiology

Pathological features of ARDS are often characterised based on histological evidence of
ultrastructural differences, categorised into three main phases: acute, subacute and chronic phases,
alternatively referred to as the exudative, proliferative and fibrotic phases, respectively. In the first
week of disease onset during the acute/exudative phase, there is evidence of interstitial and alveolar
oedema alongside with accumulation of inflammatory cells in the alveoli such as neutrophils,
monocytes, red blood cells and platelets. In second week, it progresses into the subacute/proliferative
phase where prominent hyaline membranes are observed, with some oedema resorbed. This phase
is called the proliferative phase based on evidence of alveolar type Il epithelial cells proliferation in an
attempt to repair the tissue damages. Fibroblasts also become apparent in the interstitial space and
alveolar lumen, facilitating the build-up of collagen fibrils and fibrosis. Finally, the lung enters the
chronic, fibrotic phase where resolution of neutrophil infiltrates happens and there is an increased
number of lymphocytes and macrophages in the lung. Depending on the degree of lung fibrosis and
collagen build-up, which reduces lung compliance and predicts a poor outcome, patients may
progress through these phases without significant degree of fibrosis and eventually oedema and
inflammation of the lung is resolved'*'>. However, if there is a secondary complication to the lung
such as sepsis, persistence and progression of injury often occurs, leading to fatal complications such
as multiple organ failure (MOF), pulmonary fibrosis and pulmonary vascular destruction without
progressing through the repair and resolution phase. Overall, the main characteristics of ALI/ARDS
includes the formation of protein-rich edema fluid in the alveolar space and interstitium, associated
with the loss of alveolar-capillary integrity, excessive transepithelial neutrophil migration and release

of pro-inflammatory, cytotoxic mediators' %17,

1.1.3 Biomarkers, prevention and treatment

Despite a wide range of biomarkers having been investigated in plasma and bronchoalveolar lavage
fluid (BALF) to define different phases of disease progression, currently there is no single biomarker
available to predict or identify ALI with high accuracy'®. Fremont et al. have shown the use of a panel
of biomarkers including receptor for advanced glycation end products (RAGE), procollagen peptide

[, brain natriuretic peptide, angiopoietin-2, interleukin (IL)-10, tumour necrosis factor alpha (TNF-a),
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I'°. Plasma levels of

and CXCLS, to be effective in differentiating trauma patients with or without AL
protein C, CXCL8 and intercellular adhesion molecule-1 (ICAM)-1 were also found to predict mortality

in ALI patients®.

Despite efforts in identifying biomarkers, there is no effective treatment available to prevent the
development of ALI. Both statins and anti-platelet therapy have been investigated for their efficacy in
preventing the incidence of ALI without success®'??. Despite implementation of revised definitions of
ALI/ARDS to aid research and treatment options, there is no specific ‘gold standard’ therapy for ARDS
to date. Diagnosis remains reliant on clinicians’ ability to identify an intricate pattern of clinical findings
in critically ill patients who often have multiple underlying diseases and current available treatment is
limited to fluid management, lung-protective mechanical ventilation in the ICU and treatment of the
underlying causes, if known. Recently, following the increasing trend in personalised medicine, a
personalised time-controlled adaptive ventilation was suggested as prevention and treatment for the
development of ALI®®. Anti-inflammatory and anti-oxidant pharmacologic agents such as inhaled nitric
oxide, corticosteroids, antiproteases and ketoconazole have been investigated in search for an
effective therapy over the past decade without major success®2°. More recently, targeted drug
delivery using nanoparticles and cell therapy using mesenchymal stem cells (MSCs) for the treatment
of ALI/ARDS have been gaining more attention?’?. However, given the biological complexity and our
limited understanding of the disease pathogenesis, these novel approaches may require more time

to realise an actual new treatment option in ALI.

1.1.4 Indirect and direct forms of ALI

Traditionally, it has been thought that insults applied to the lungs, either through airways or via the
circulation, results in similar pathophysiology which precedes diffused alveolar damage'’. However,
as ALl is a multifactorial disease with multiple aetiologies, the underlying pathophysiology leading to
failure of the lung can be quite different despite a common end state being present. Thus, AECC has
divided ALI into two categories based on the inciting causes: direct (pulmonary) and indirect
(extrapulmonary) ALI. Direct ALl is caused by pulmonary insults causing injury mainly to the alveolar

epithelial cells, whereas indirect ALl is caused by extrapulmonary insults in the settings of systemic
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inflammation where pulmonary vascular endothelial injury is more prominent®. It is now well
appreciated that crucial pathophysiological differences exist between direct and indirect forms of ALI.
Based on pathophysiologically oriented views and taking into account where the underlying condition
is anatomically located, clinical disorders associated with the development of ALl are summarised
below (Table 1.1), adapted from Bernard®, Ware'’, Doi*® and Shaver®. This subgrouping of ALI/ARDS
based on the underlying causes has significantly affected basic research, clinical progression and

patients’ response to therapies®=>"32,

Direct lung injury ‘ Indirect lung injury
Pneumonia (bacterial, viral, fungal) Sepsis/SIRS
Aspiration of gastric content Severe trauma
Mechanical ventilation Blood transfusion

(barotrauma, volutrauma)

Pulmonary contusion Cardiopulmonary bypass
Near-drowning Severe burns injury

Fat embolism Acute kidney injury/ renal dysfunction
Inhalation injury Acute pancreatitis

Reperfusion injury Drug overdose

(Lung transplant/ pulmonary embolism)

Table 1.1 Underlying conditions associated with the development of ALI/ARDS.
(Adapted from Bernard®, Ware'’, Doi*® and Shaver®)

Despite exhibiting some common features, several clinical studies have demonstrated that direct and
indirect ALI are truly different pathophysiologically. Pelosi et al. described several pathophysiological
differences between direct and indirect ALI, highlighting prevalent damage of direct ALI as intra-
alveolar oedema and accumulation of fibrin, collagen and neutrophil aggregates, whereas indirect ALI
is mainly represented by microvascular congestion and interstitial oedema, with relative sparing of

the intra-alveolar spaces, as summarised (Table 1.2)*"%%%.
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(Pulmonary ARDS) (Extrapulmonary ARDS)

Direct ALI Indirect ALI

Alveoli

Alveolar epithelium ++ +
Altered type | & Il cells ++ -
Alveolar neutrophils ++ -
Apoptotic neutrophils ++ -
Fibrinous exudates ++ -
Alveolar collapse ++ +
Local Interleukin ++ -

Interstitial space

Interstitial oedema - ++
Collagen fibres ++ +
Capillary endothelium - ++
Blood

Interleukin (IL) + ++
TNF-a + t

Table 1.2 Histological and biochemical alterations in pulmonary and extrapulmonary ARDS.
(Adapted from Pelosi®')

Despite indirect ALI causing less pronounced oedema, Sequential Organ Failure Assessment (SOFA)
score, which is a mortality prediction scoring system, was found to be significantly higher in indirect
ALI patients than direct ALl patients, whereas mortality, mechanical ventilation days and hospital
length of stay were found to be similar between direct and indirect ALI*®. When respiratory mechanics
of patients with indirect ALI and direct ALI were compared, it has been demonstrated that the lungs
of patients with direct and indirect ALI respond differently to positive end-expiratory pressure (PEEP),
prone position and recruitment manoeuvres, where direct ALI patients were shown to have stiffer
lungs and indirect ALI patients have stiffer thoracoabdominal cage and more compliant lungs®>=°.
However, when long-term (6 months) functional recovery was compared between patients with direct
or indirect ALI, no difference between two groups were found, despite higher ventilatory requirements
of direct ALI patients®. In recent years, retrospective cohort studies have demonstrated that despite
comparable mortality rates between patients with direct and indirect ALI, some predictors of mortality

may be distinct between these two forms of ALI, highlighting their fundamental differences. For
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example, age and lung injury score were only associated with mortality of direct ALI patients but not
indirect ALI, whereas number of organ failures, disseminated intravascular coagulation (DIC) score
and high-resolution computed tomography score are a common predictor of mortality between these

two forms of ALI839,

However, it is important to note that the differentiation between these two forms of ALI is not simple
or clear-cut. It can be difficult to discriminate direct and indirect ALI in clinical setting as both of them
may coexist in the same patient. Thille et al. demonstrated that PEEP and alveolar recruitment does
not differ between patients classified as direct or indirect ALI, whereas physicians were unable to
classify the rest of the patients, which comprised of more than one third of the total patients
examined®. Inter-organs crosstalk, both from lung-to-periphery and periphery-to-lung, is a complex
process that may take days to develop and thus the precise origin of the initial insult may be difficult
to identify, which is essential in the classification of direct or indirect ALI. For example, pneumonia
may be limited to one lung producing a direct ALI, while the other non-infected lung is subsequently
injured indirectly hours or days later via the systemic dissemination of inflammation due to loss of
compartmentalisation in the infected lung®. However, as there was no difference found in mortality

between direct and indirect ALI*'

, it is still under debate whether the aetiology-based differentiation
between direct and indirect ALl is factual or “just a concept™?. Nonetheless, the recognition of
ALI/ARDS subtypes is essential in relation to the understanding of the underlying biology and the

associated patients’ response to therapy, which may have contributed to the heterogeneous and

inconclusive outcomes observed in clinical trials so far.

With the recent emergence of COVID-19 outbreak, caused by severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2), phenotypes of ARDS has been more widely discussed and recognised
to be a heterogenous mix of different diseases leading to common end-state of lung injury and failure.
COVID-19 patients were often presented with profound hypoxaemia despite very compliant lungs and
significant pulmonary interstitial oedema/angiopathy, which is suggestive of significant endothelial

43,44

injury and is more consistent with indirect ALI pathophysiology. Additionally, lung injury and

multiple organ failure (MOF) could progress with or without diffuse alveolar damage or compromised
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lung compliance in these patients, causing a critical “paradigm shift” in the research of ARDS*'.

Recently, Calfee and colleagues have proposed a more thorough subphenotyping strategy to futher
categorise ARDS patients via biomarker-based (focal vs. diffuse; hypoinflammatory vs.
hyperinflammatory) and clinical-based subgroups (direct vs. indirect; early vs. late)**°°. Despite the
rapidly changing views on the characterisation and categorisation of ALI/ARDS, it is important to “find
the signal in the noise”, as the recognition of differences in the subphenotypes of ALI/ARDS could
help deepen our understanding of the pathogenesis that has been on a standstill for decades, in hope

of advancement in the development of new therapeutic interventions.
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1.2 Systemic inflammatory response syndrome (SIRS) and sepsis

Systemic inflammatory response syndrome (SIRS), is a clinical syndrome following inflammation that
can be attributed to an infection (which is termed “sepsis”) or to a non-infectious sterile insult such as
polytrauma, surgery, pancreatitis, or major burns. Both non-infectious SIRS and sepsis often result in
deleterious, overwhelming inflammatory host response in the bloodstream. Amongst all other risk
factors, sepsis is the most common underlying condition in the development of ALI/ARDS, amounting
to approximately 75-80% of ARDS patients with severe sepsis of both suspected direct origin with
accompanying SIRS (pulmonary infection) or indirect (extrapulmonary sepsis) sources”*'. In parallel,
it has been found that of 7,000 sepsis patients examined, the site of infection was most commonly
the lungs (64%), followed by abdomen (20%), bloodstream (15%) and renal or genitourinary tract
(14%)°2. Overall, sepsis-induced ARDS has higher case fatality rate than patients with other risk
factors of ARDS®. Whilst sepsis-induced direct ALI often results from infection in the respiratory
system, the mechanisms underlying non-pulmonary sepsis/non-infectious SIRS-induced indirect ALI

is not well understood®.

1.2.1 Sepsis definition, diagnosis and epidemiology

Like ARDS, sepsis is a term used to describe patients with clinical symptoms of a systemic response
to infection, including bacterial, viral, fungal and parasitic organisms. A consensus conference held in
1991 by the American College of Chest Physicians and the Society of Critical Care Medicine (Sepsis-
1) defined sepsis as the host’s systemic inflammatory response syndrome (SIRS) to infection, if more
than one of the following SIRS criteria are met: 1) body temperature >38°C or <36°C. 2) heart rate
>90/min, 3) respiratory rate >20/min or PaCO, <32 mmHg, 4) white blood cell count >12,000/mm? or
<4,000/mm? or 5) immature neutrophil bands of >10%. Overall, the consensus suggested that when
“SIRS” is a result of suspected infectious process, it is termed “sepsis”, whereas “severe sepsis” is
used when sepsis is associated with organ dysfunction, hypoperfusion or hypotension, and if sepsis-
induced hypotension persists despite adequate fluid resuscitation, it is termed “septic shock”.
Although the definition of sepsis was revaluated and modified to expand the list of diagnostic criteria
in 2001 (Sepsis-2), SIRS criteria continues to be widely used for diagnosing sepsis in various clinical
settings. However, SIRS criteria was later deemed unspecific and limit the diagnosis accuracy in
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clinical setting, where a significant fraction of patients who developed organ dysfunction without
fulfilling the SIRS criteria were omitted from diagnosis®. In an effort to standardise the multiple
definitions and terminologies being used, the 2016 Sepsis-3 conference defined sepsis as “life-
threatening organ dysfunction caused by dysregulated host response to infection”, and the Sequential
Organ Failure Assessment (SOFA) scoring system was incorporated to increase diagnostic accuracy
and to replace the use of SIRS criteria®”*®. A higher SOFA score is associated with increased
probability of mortality, whilst organ dysfunction can be identified as an acute change in total SOFA
score of 22 points consequent to the infection, via the scoring of severity from 0-4 in PaO/FiO; ratio,
platelet count, bilirubin level, mean arterial pressure (MAP), mental status, creatinine level and urine
output. As organ dysfunction has become essential incorporated within the sepsis definition, the term
“severe sepsis” is now redundant, whereas “septic shock” was redefined as a subset of sepsis in
which there is an “underlying circulatory and cellular/metabolic abnormalities associated with greater
risk of mortality than sepsis alone”, identified by persisting hypotension requiring vasopressors to
maintain a MAP >65mmHg and a serum lactate level >2mmol/L (>18mg/dL) despite adequate volume
resuscitation. These drastic changes in the definition of sepsis has not only imposed a significant shift
in clinical practice, but also the viewpoint and approach in basic research®®°%®° The most recent
global epidemiology study has reported an estimated total sepsis incidence of 48.9 million cases, with
age-standardised incidence of 677.5 cases per 100,000 person-years in 2017°'. The age-
standardised mortality of sepsis is reported to be 148.1 per 100,000 person-years. Overall, sepsis-
related deaths represent 19.7% of all global deaths, significantly highlighting it as a major global health

problem®’,

1.2.2 Non-infectious SIRS

Despite much attention placed in sepsis definition and the elimination of SIRS criteria in clinical
diagnosis, non-infectious or ‘sterile’ SIRS remains an important clinical condition, separate from
sepsis but with similar pathophysiology, including development of indirect ALI/ARDS. In hospital,
many SIRS patients are presented without an identifiable infection upon admission but subsequently
develop evidence of infection after, leading to shock, MOF and death. There are several theories

regarding the inflammatory response to sterile insults leading to SIRS. One of the most widely
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accepted theory at that time was the translocation of bacteria from the gut or intestines following

haemorrhage or shock as the cause of “sepsis syndrome” without an obvious source of infection®%°2,

Traditionally, it was thought that operation of the innate immune response was primarily based on
recognising and responding to invasive microorganisms and their antigens, thereby distinguishing
non-self from self. In the late 1990s, a different theory was put forward by immunologist Polly
Matzinger who proposed “the danger model”’, suggesting that the host immune surveillance is
concerned primarily with the identification of danger signals released from damaged cells or tissues,
irrespective of whether these were a result of sterile injury or infection®. Since then, sepsis/SIRS
studies have recognised the significance of sterile inflammation in eliciting the same clinical features
as sepsis, in the absence of an obvious source of infection. Sterile inflammation or non-infectious
SIRS can result from the acute inflammatory systemic response to non-infectious insults, including
severe non-penetrating polytrauma (bone fracture and soft tissue injury), ischaemia reperfusion injury
(IRI), major burns injuries and haemorrhagic shock®®. Similar to infection-induced inflammation in
sepsis, sterile inflammation in SIRS is marked by the presence of fever, tachycardia, tachypnoea, or
leucocytosis. Like ARDS, the recognition of differences between bacterial sepsis and sterile SIRS in
relation to the biological triggers and inflammatory pathways would facilitate our understanding of the

disease pathogenesis and future development of novel therapeutics.

1.2.3 Pathophysiology

In 1996, Roger Bone first described that the balance between pro-inflammatory and anti-inflammatory
responses is essential in maintaining or restoring homeostasis during health and disease. He
described that in sepsis/SIRS, an excessive and destructive pro-inflammatory reaction (which he
termed systemic inflammatory response syndrome, SIRS) is opposed by a severe, anergic anti-
inflammatory reaction (termed compensatory anti-inflammatory response syndrome, CARS)®%. This
concept has been widely accepted and further developed and characterised since, where SIRS is
ascribed to the excessive release of pro-inflammatory cytokines including TNF-a, IL-6 and IL-1p,
whereas CARS is attributed to excessive anti-inflammatory cytokines such as TGF-f and IL-10.

Subsequently, Hotchkiss et al. described a two-phase model of sepsis, where early pro-inflammatory
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response of SIRS precedes the immunosuppression state of CARS, where there is an increased risk
of secondary infection associated with higher morbidity and mortality®’. Although this SIRS/CARS
model has been widely accepted, it remains debatable whether septic patients are hyperinflammatory
or immunocompromised at any given time frame®. A recent cytokine profiling study has also shown
that both pro- and anti-inflammatory mediators are upregulated in the early period of sepsis and are
both reliable predictors of mortality, questioning the relevance of this two-phase SIRS/CARS
hypothesis®. Interestingly, Cavaillon et al. proposed a compartmentalisation model, where instead of
a generalised whole body response, SIRS conditions predominate in the inflamed tissues which are
hyper-responsive to ex vivo stimuli, whereas CARS predominates in the blood where leukocytes

derived from the hematopoietic compartment are hypo-responsive during sepsis’®’".

Other than the aberrant release of cytokines and numerous inflammatory mediators described in
SIRS/CARS model, microcirculatory dysfunction is commonly observed during early stages of
sepsis/SIRS, where decreased functional capillary density and increased blood flow heterogeneity is
observed in patients. The dysregulated perfusion of the microvasculature in sepsis/SIRS is a
cumulative result of nitric oxide (NO) dysregulation and functional impairment of several vascular cell
types including the endothelial cells, smooth muscle cells, red blood cells, platelets and leukocytes’.
If the reduction in perfusion is not corrected in a timely manner by clinical interventions to restore
blood flow and oxygenation, circulatory shock and tissue hypoxia follows. As a result of mitochondrial
dysfunction and metabolite accumulation during tissue hypoxia, parenchymal cells undergo
respiratory distress, triggering a cascade of pathogenic mechanisms, leading to MOF and death” .
Other immunopathologic alterations were also suggested to account for the morbidity and mortality of
sepsis, including dysregulated coagulation, cellular dysfunction, metabolic alterations, mitochondrial

dysfunction and dysregulated apoptosis®® 2.

Overall, pathophysiology of sepsis/SIRS is
heterogeneous and multifactorial, possibly due to the wide variety of possible sources of infection,
triggers of inflammation and the reactivity and response of the immune system, dependent on various

genetics and environmental factors.
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1.2.4 Biomarkers, current treatments and clinical trials

Several inflammatory biomarkers of sepsis/SIRS have been identified over the years for diagnosis
and monitoring of treatment, including markers of neutrophil and monocyte activation, pro- and anti-
inflammatory cytokines and chemokines, reviewed by James Faix’®. Markers of the
hyperinflammatory phase of sepsis/SIRS include pro-inflammatory cytokines TNF-a, IL-1 and IL-6,
whereas markers of immunosuppressive phase include anti-inflammatory cytokines IL-10 and TGF-
B. Markers of neutrophil and monocyte activation, such as decreased expression of HLA-DR on
monocytes’®’’, soluble CD14"® and soluble RAGE’® released by monocytes, and increased surface
expression of CD64, CD11b and TREM-1 on neutrophils®®®' are commonly measured and were
shown to have prognostic value in sepsis/SIRS. Clinically, serum levels of C-reactive protein (CRP)
and procalcitonin (PCT) are commonly used in the diagnosis of sepsis/SIRS, where PCT was found
to have higher diagnostic accuracy than CRP in patients with suspected bacterial infections compared
to those with non-infectious causes of inflammation®. Overall, further identification of biomarkers that
can distinguish between sepsis and sterile SIRS is of considerable importance for guiding towards

more effective patient treatment.

As discussed above, treatment of ALI mainly relies on identifying the underlying cause. In the case of
sepsis/SIRS-induced ALI, more attention is required as treatments such as inhaled agents may be of
little help in resolving pulmonary vascular inflammation originating from an extrapulmonary source. It
is abundantly clear from the literature to date, that no single mediator or pathway drives the
pathophysiology of sepsis®. As with ALl patients, current treatments available for sepsis/SIRS are
mainly supportive measures such as blood or plasma replacement, infusion of resuscitative electrolyte
or glucose containing fluids, ventilation and vasopressor support. Much focus has been placed on
anti-cytokines and other inflammatory mediator-based therapies in the last 30 years in an effort to
treat the underlying trigger of septic responses, but to no avail. More than 100 clinical trials aiming to
modulate these septic responses by targeting endogenous pro-inflammatory mediators have all failed,

8. For instance, trials of anti-TNF-0® and anti-IL-1

with none of these leading to any new treatmen
receptor antagonist®® both failed to reduce mortality in patients with septic shock and severe sepsis.

Aside from targeting these major players of inflammation, other trials targeting the deleterious effect
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of bacterial-derived endotoxin activity including Toll-like receptor 4 (TLR4) antagonists® and
recombinant bactericidal permeability increasing (BPI) protein®” have also failed to demonstrate any
difference in sepsis mortality. Even the previously approved drugs for the treatment of sepsis such as
Xigris (recombinant activated protein C) and Eritoran (TLR4 inhibitor), were withdrawn from the
market due to lack of clinical efficacy®®. As sepsis is a heterogeneous syndrome where a variety of
different pathogens and sites of infection affects a diverse patients population, it is therefore unlikely
that modulating the level of only one of these targets in a non-patient specific manner would have a
significant effect on outcome®. The complexity of cell biology and redundancy of inflammatory
cascades involved in sepsis/SIRS that became evident since the advent of these single-mediator
targeted trials has questioned/undermined these approaches and implies a need to redirect basic and

pre-clinical research to develop alternative strategies.
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1.3 Innate immunity and inflammation

1.3.1 An overview of the innate and adaptive immune response to infection

The pathophysiology of sepsis and associated organ dysfunction is a result of failure in homeostasis,
which can be define as “the inability to maintain internal equilibrium by adjusting its physiological
processes under fluctuating environmental conditions in response to infection or injury”®. The body’s
response to infection or injury is a normal physiological process, where the activation of the innate
immune system and the subsequent signalling cascades are intended to eliminate infection or to
repair damage without causing damage to tissues, organs or other systems. However, when the host
response to infection and injury is dysregulated, uncontrolled inflammatory responses lead to

sepsis/SIRS.

The immune system responds to an encounter of initial infection in three phases: 1) the innate phase
(0-4h), 2) the early induced innate response (4-96h) and 3) the adaptive immune response (>96h)°".
In the first innate phase, soluble molecules present in the blood including antimicrobial enzymes such
as lysozymes, antimicrobial peptides such as defensins and a system of plasma proteins known as
the complement system, targets the foreign pathogens to either kill, weaken or signal phagocytic cells
to the site of infection and promote inflammation or phagocytosis. If the removal of infectious agent is
incomplete during this initial phase, the second phase of the immune system develops, where cells
of the innate immune system consisting mainly of macrophages, monocytes, neutrophils, dendritic
cells and natural killer (NK) cells sense the presence of pathogens by recognising molecules typical
of a microbe that is not shared by host cells, termed pathogen associated molecular pattern (PAMPs).
The recognition of PAMPs by pattern recognition receptor (PRRs) on these innate immune cells
initiates a cascade of inflammatory mechanisms in an effort to eliminate the infection. Activated
macrophages and dendritic cells release cytokines and chemokines such as TNF-a, IL-1p, IL-6, IL-
12, CXCL8 and CCL2, to induce local inflammatory response by activating vascular endothelium or

to further recruit leukocytes to the site of infection.

If the infectious organism survives these first two lines of defence, the final adaptive immune response
is engaged, where naive T and B cells undergo clonal expansion, differentiate into effector cells and
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migrate to the site of infection for further removal of infection. In T cell mediated immunity, whilst CD8
T cells are specialised to kill infected cells, CD4 T cells can differentiate into several subclasses such
as helper T cell-1 (Th1), -2 (Th2), -17 (Th17) and regulatory T cells (Teg). Each of these subclasses
of CD4 T cells are specialised to provide help via different functions. For example, Th1 cells release
interferon-gamma (IFN-y) to activate macrophages, Th2 cells release interleukin (IL)-4. IL-5, IL-13 to
recruit eosinophils, basophils and mast cells, Th17 release IL-17 for downstream neutrophil

recruitment, and Teg Suppress T-cell activity to prevent the development of autoimmune response.

1.3.2 PAMPs and DAMPs

PAMPs is a term used to describe conserved motifs expressed by microbial pathogens which are
recognised by the innate immune system. PAMPs such as lipopolysaccharide (LPS), peptidoglycan,
lipopeptides, lipoteichoic acid, flagellin and bacterial DNA, are invariant due to their essential
structural roles and biological functions in bacteria as constituents of bacterial cell wall, proteins and
nucleic acids. As all microbes, not just pathogenic microbes possess PAMPs, they are sometimes
referred to as microbes-associated molecular pattern (MAMPs). PAMPs are recognised by the innate
immune cells through pattern recognition receptor (PRRs) that are located either on the cell surface,
including toll-like receptors (TLRs) and C-type lectin receptors (CLRs), or in the cytosol, including
nucleotide-binding oligomerisation domain (NOD)-like receptors (NLRs) and retinoic acid-inducible
gene-l (RIG-)-like receptors (RLRs)®. The binding of PAMPs to PRRs expressed on the innate
myeloid cells initiate the signalling cascades that triggers the recruitment of intracellular signalling
proteins that serve to amplify the inflammatory signal, resulting in transcriptional release of cytokines,
chemokines and cell death pathways in order to achieve rapid elimination of pathogens and injured

cells®.

Since the description of the danger model®, it has been shown that PRRs can initiate the same
inflammatory response cascades via the recognition of endogenous danger molecules, termed the
damage-associated molecular pattern (DAMPs). In contrast to PAMPs expressed by
microbes/pathogens, DAMPs can be released from damaged or dying host cells during inflammation

and injury without infection. The number of endogenous molecules considered DAMPs is
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considerable but some of the most studied include adenosine triphosphate (ATP), high mobility group
box 1 (HMGB-1), heat shock proteins (HSPs), defensins, lactoferrin, DNA, histones, hyaluronans and
heparin sulphate. Similar to PAMPs, DAMPs are able to initiate the activation of the innate immune
system and trigger the production of pro-inflammatory cytokines, chemokines, activated complement
and other mediators as first line defence response® . Matzinger proposed that pathogens also
trigger inflammation through eliciting injury in cells/tissue, suggesting that DAMPs release is an
important signal of danger during infection, distinct from an infection elicited by non-invasive
commensals colonising the exterior surfaces and tracts of the body without producing damage or

stress.

The initiation of inflammatory responses by PAMPs and DAMPs in the context of sepsis and SIRS,
respectively, can both result in similar mechanisms of multiple organ dysfunction that do not
distinguish between infectious or non-infectious origin®. In patients, elevated levels of various DAMPs
such as cell-free DNA, HMGB-1 and histones were found to associate with the severity of sepsis/SIRS
and were predictors of the development of organ injury and MOF®-% Increased levels of HMGB-1
were also observed in vivo after trauma-induced haemorrhagic shock and were positively correlated
with severity, whereas decreased level of HSP70 was observed®®. Administration of histone in vivo
was also shown to cause a dose-dependent death after development of multiple organ injury’®.
Interestingly, the deletion of HSP70 gene were shown to increase the development of ARDS and
mortality of septic mice', showing direct evidence of DAMP-mediated sepsis-induced ALI
pathogenesis. Significantly, in non-human primate models, bacterial sepsis has been shown to
progress to organ failure and death long after control of the initial inciting infection, suggesting that
persistence of inflammation and ultimately, organ injury, could be driven by endogenous DAMPs
release secondary to the initial infection'®®'%®. These studies highlight the importance of DAMPs in
the pathogenesis of sepsis/SIRS in the clinical setting and ICU, where despite antibiotic control of

infection, the patient fails to resolve their condition.
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Lipopolysaccharide (LPS)

The recognition of LPS, a component of the gram-negative bacterial cell wall by the TLR4 is the most
widely researched and best-characterised mechanism of inflammation. TLR4 is one member of the
ten TLRs currently characterised in human (TLR1-10) and of the twelve in mouse (TLR1-TLR9,
TLR11-TLR13)'®. TLRs are localised either to the cell surface or to intracellular compartments such
as the endoplasmic reticulum, endosome, lysosome, or endolysosome, each of which binds to a
specific class of ligand. TLRs located on the cell surface such as TLR1, TLR2, TLR4, TLR5, TLR®,
and TLR10, mainly recognise membrane components of microbes such as lipids, lipoproteins and
protein, whereas TLRs located intracellularly such as TLR3, TLR7, TLR8, TLR9, TLR11, TLR12, and

TLR13, recognize nucleic acids components of bacteria or viruses'%*.

In mammalian cells, LPS signalling requires the “LPS receptor complex”, which includes LPS-binding
proteins that transfer LPS to CD14 and the extracellular accessory protein MD-2 present on host cell
for its recognition by TLR4. CD14 is an essential part of the LPS receptor complex that is expressed
on cell membranes of the myelomonocytic lineage including monocytes, macrophages and to a lesser
extent on neutrophils. In certain cell types such as endothelial cells where membrane CD14 is absent,
soluble form of CD14 serves as the accessory molecule for the surface recognition of LPS. The TLR4-
mediated response is divided into 2 categories: an early MyD88-dependent response and a delayed
MyD88-independent response'®. Depending on the pathway activated, after the binding of LPS
receptor complex to TLR4, they associate with different adaptor proteins such as myeloid
differentiation factor 88 (MyD88), Toll/I[L-1 receptor homology domain-containing adapter protein
(TIRAP), TIR domain-containing adaptor-inducing interferon-§ (TRIF) or TRIF-related adaptor
molecule (TRAM). The MyD88-dependent response is better characterised, where the ligation of LPS
with its receptor complex LPS-binding protein, CD14, MD-2 and TLR4 results in the recruitment of
TIRAP and MyD88 to the receptor complex. This leads to the association of interleukin-1 receptor
associated kinases (IRAK)-1 and -4, which form a scaffold with tumour necrosis factor receptor
(TNFR)-associated factor 6 (TRAF6). This causes activation of TAK1 protein kinase complex and the
activation of two different downstream pathways: the Mitogen Activated Protein Kinase (MAPK) and

the IkB kinase (IKK) complex cascades. The activation of MAPK family members such as p38,
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extracellular signal-regulated kinase (ERK1/2), and c-Jun N-terminal kinase (JNK), and the
phosphorylation of IkB leading to translocation of NF-kB to the nucleus, cause downstream gene
transcription and protein expression of various pro-inflammatory cytokines and chemokines, including
TNF-q, IL1-B, IL-6, CXCLS8, IFN-y, MCP-1, RANTES'%'% cell adhesion molecules (CAMs), selectins
and costimulatory molecules that further enhance the recruitment of leukocytes and their interaction

with endothelial cells. The LPS signalling pathway is summarised in Figure 1.1 below.
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Figure 1.1 LPS signalling and its downstream activation of the MAPK and the NFkB pathways.
Binding of LPS to its receptor complex CD14, MD-2 and TLR4 causes recruitment of TIRAP and
MyD88 to the receptor complex and the association of IRAK1/4 and TRAF6. This activates
downstream MAPK and the IkB kinase pathways, leading to the activation of transcription factors and

protein expression of various pro-inflammatory cytokines and chemokines. (Made with BioRender)

Ischaemia reperfusion injury (IRI) and tissue hypoxia
In the context of non-infectious SIRS, various sterile inflammation such as ischaemia reperfusion
injury (IRI) can also elicit a systemic inflammation response similar to that observed during microbial

infection®®. IRl occurs when tissue suffers from hypoxia as a result of severely decreased or
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completely arrested blood flow, and when blood flow is reintroduced (termed reperfusion), tissue
damage is further enhanced as a result of inflammatory responses. The degree of cellular and tissue
injury varies in extent with the magnitude and duration of decrease in blood supply. During ischaemia,
the lack of oxygen supply (hypoxia) causes a prevalence of anaerobic metabolism, resulting in drop
in cellular pH, increased influx of sodium ions, depletes cellular ATP and decrease in calcium efflux.
These series of molecular events lead to an eventual calcium overload in cells, oxidative and
nitrosative stress, endoplasmic reticulum and mitochondrial dysfunction. Upon restoration of blood
supply during reperfusion after ischaemic period, despite necessary reestablishment of oxygenation,
metabolism and removal of potential toxic by-products produced during ischaemia, sudden flux of
oxygen and ATP production fuels the formation of reactive oxygen species (ROS) and reactive
nitrogen species (RNS). The release of these oxidative stress-induced mediators promote further
downstream cascades of inflammatory mediator and cytokine release and promote leukocyte-

endothelial interaction, exacerbating injury both locally and in remote organs™'%'"",

Oxidative stress and ROS

Oxidative stress associated with generation of ROS as a result of cellular injury as described above,
is well recognised in recent years to associate with pathogenesis of various inflammatory disease
processes other than IRI. In the context of sepsis and non-infectious SIRS, tissue hypoxia as a result
of sepsis-induced circulatory shock contribute to similar mechanism of oxidative stress-associated
cellular and tissue injury’'?"". In addition to hypoxia and ischaemia, recruitment of innate immune
cells during infection such as PMNs was also found to contribute to oxidative stress due to their ability
to generate ROS for microbicidal activity. ROS were historically thought to be a toxic mediator but are
now recognised to be produced as normal by-product of mitochondrial respiration during energy
production. ROS is a collective term to include all oxygen-containing reactive species that are
unstable due to its unpaired electron in the outer orbital, causing them to react avidly with surrounding
molecules in an indiscriminate fashion. Therefore, their production must be tightly regulated and
balanced by antioxidant defence system to scavenge these radicals. ROS can be generated through
various enzymatic and non-enzymatic pathways, each producing a different species of ROS.

Endogenous enzymes such as NADPH oxidase reduces extracellular O, to superoxide O,™, which is
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utilised by phagocytic cells such as PMNs and macrophages to kill microbes, nitric oxide synthase
(NOS) generates superoxide O, instead of ‘"NO under tissue acidosis from hypoxia or ischaemia,
and xanthine oxidase generate hydrogen peroxide H,O> during reoxygenation of hypoxic tissues''>~
"7 Non-enzymatic sources of ROS includes the mitochondria electron transport chain, cytochrome

P450 of endoplasmic reticulum and from accumulation of free iron during tissue hypoxia''®-'%,

ROS are now known to mediate various signalling pathways including the MAPK cascade and the
NF-kB transcription cascade. In particular, ROS regulate MAPK activity by both activating the MAPK
phosphorylation and by inactivating the dephosphorylating enzyme MAPK phosphatase, thereby
activating downstream kinases p38, ERK and JNK, whereas ROS can also lead to phosphorylation
of IkB kinase, allowing the translocation of NF-kB to the nucleus for transcriptional activities'?''%2. The
activation of these pathways by dysregulated ROS have a profound effect on the process of
inflammation, where the gene transcription and protein expression of various downstream cytokines

and chemokines are activated non-specifically and excessively during inflammation.

1.3.3 Soluble mediators of inflammation

Following tissue injury, the innate immune cells release a wide variety of soluble mediators
extracellularly to help combat the invading pathogen by facilitating the amplification of inflammatory
response, including cytokines, chemokines, ROS/RNS and lipid mediators (eicosanoids and platelet
activating factors). Other than soluble mediators released by cells, the complement system consisting
a large number of plasma proteins, also plays a vital role in the innate immunity. As sepsis/SIRS is a
heterogeneous syndrome that entails a hyper-responsive immune state, most, if not all, of these
soluble mediators involved in normal inflammatory responses are implicated in the pathogenesis of

123127 However, as mentioned above, clinical trials targeting these

sepsis in one way or the other
mediators have not shown any success to date, possibly due to the substantial overlap and functional

redundancy of these soluble mediators in immunity.
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Cytokines

Cytokines are a series of small proteins released by cells that facilitate the interaction and
communication between cells, capable of acting in an autocrine, endocrine and paracrine manner. In
response to PAMPs and DAMPs, effector cells of the immune system including macrophages, mast
cells, neutrophils, monocytes, basophils, eosinophils, B cells and T cells can secrete a wide range of
cytokines that are categorised into two broad classes: the pro-inflammatory cytokines and anti-
inflammatory cytokines, which exert either a net amplification or inhibition of the inflammatory
response of their target cells. Cytokines encompass the tumour necrosis factor (TNF) family,
interleukin (IL) family, interferon (IFN) family, chemokine family, colony stimulating factors (CSFs) and
transforming growth factor beta (TGF-$) family. Each of which can interact in pleiotropic (single
cytokine exert different effect on different target cell), redundant (similar functions can be stimulated
by different cytokines), synergic (multiple cytokines acting cooperatively), antagonistic (opposing
effects that inhibits one another) and cascade induction (feedforward amplification) manner, forming

an interconnected network that is often difficult to dissect'?.

The coordinated release of pro-inflammatory cytokines, including TNF-a, IL-1, IL-6 and IFN, results
in vasodilation and adhesion molecule upregulation to facilitate recruitment of more leukocytes to the
site of infection/injury, as well as the enhancement of leukocyte actions in microbicidal activity.
Mononuclear phagocytes including macrophages and monocytes are main producers of TNF-a and
the most widely known member of the IL-1 family, IL-1B3, but other sources include neutrophils and
mast cells. The binding of TNF-a and IL-1B to their respective receptors TNF receptors
(TNFR1/TNFR2) and IL-1 receptor (IL-1R) stimulate the downstream intracellular activation of MAPK
and transcription factor NF-kB cascades, leading to further amplification of inflammatory responses
and leukocyte-endothelial interaction'®. IL-6 is released by a wide variety of cell types including
activated mononuclear phagocytes, endothelial cells, fibroblasts and lymphocytes, and are involved
in promotion of coagulation by stimulating tissue factor formation and the maturation and activation
of lymphocytes. IFN is released specifically by lymphocytes such as natural killer cells, helper T cells
and cytotoxic T cells to facilitate anti-viral functions by inducing the expression of major

histocompatibility complex (MHC) for antigen presentation in antigen presenting cells.
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The main functions of anti-inflammatory cytokines including IL-4, IL-10, IL-13 and TGF-B, are to
antagonise the activity of pro-inflammatory cytokines and to inhibit further pro-inflammatory
responses. T cells and macrophages release IL-10 to inhibit cytokine production by mononuclear
phagocytes and promote B cell proliferation, whereas IL-4 and IL-13 are released by T cells,
basophils, eosinophils, mast cells, and NK cells to inhibit pro-inflammatory cytokine responses and
release in monocytes and macrophages, and to promote Th2 lymphocyte response. TGF-f is
released by macrophages, T cells and B cells to inhibit ymphocytes proliferation and promote wound
healing, as well as to antagonise the action of both TNF-a and IL-13 through inhibition of their

secretion30131,

Another class of cytokines, the colony stimulating factors (CSFs) such as granulocyte-CSF (G-CSF),
granulocyte/macrophage (GM-CSF) and macrophage-CSF (M-CSF), are released by several cell
types, including fibroblasts, endothelial cells, stromal cells, macrophages, smooth muscle cells and
osteoblasts. Due to their potent activity in promoting the survival, growth, differentiation and function
of effector cells including mononuclear phagocytes (monocytes and macrophages), neutrophils and
eosinophils, the excessive production of CFSs can have detrimental effects in inflammatory

conditions'??.

Chemokines

Chemokines are small proteins secreted into the extracellular space by innate immune cells, which
has a main function of recruiting and guiding innate immune effector cells (monocytes, neutrophils,
eosinophils, basophils, mast cells, dendritic cells, NK cells) from the circulation to the site of
infection/injury in tissue, as well as plays a vital role in coordinating the interaction between cells.
They also control the release of monocytes and neutrophils from the bone marrow into the circulation
during homeostasis as well as in response to infection and inflammation. Secreted chemokines by
activated cells are bound to extracellular matrix components, forming a chemotactic gradient to guide

cells which express their specific chemokine receptor along their concentration gradient. Chemokines
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are categorised into four groups based on the positioning of their initial cysteine residue: CC, CXC,

XC and CX5C"3"34,

1. CC chemokine is the largest chemokine family consisting of twenty-eight members: CCL1-28.
They have various functions such as inflammatory monocyte homing and trafficking
(CCL2/MCP-1), macrophage and NK cell migration (CCL3/MIP-1a), modulating Th2
responses (CCL8, CCL13, CCL17, CCL18, CCL22), and homing and migration of effector and
memory T cells (CCL5/RANTES).

2. CXC chemokine family consist of sixteen members: CXCL1-16. They have a main function of
promoting neutrophils homing from bone marrow and its trafficking (CXCL1/mouse KC,
CXCL8/human IL-8, CXCL2/MIP-2, CXCL5/ENA-78, CXCL12/SDF-1).

3. XC chemokine family only consists two members: XCL1 and 2, or lymphotactin a and 3. They
are mainly responsible for CD8+ T cell and NK cell recruitment.

4. CXs3C chemokine family only consist of one member: CXCL1 or Fractalkine. Its soluble form
has a major function of inducing NK cell, monocyte and T cell migration, whereas its

membrane-bound form induces adhesion of leukocytes'.

Overall, increased levels of various pro- and anti-inflammatory cytokines and chemokines have been
found in septic patients, including IL-6, CXCLS8, IL-10, IL-18 (IFN-y-inducing factor) and TNF-a'#’.
However, the blood level of cytokines (and other mediators) may only reflect the saturation of the
interstitial and cellular compartments, representing only the “tip of the iceberg”'*®. In parallel with this
theory, various extracorporeal cytokine removal therapies have failed to demonstrate any significant

outcome in improving organ injury and mortality in septic patients'"'%.

Eicosanoids and platelet activating factor (PAF)

Other than cytokines and chemokines, innate immune cells also release lipid-derived mediators such
as eicosanoids and platelet-activating factor (PAF), which are crucial in initiating the leukocyte
trafficking required in host defence. Eicosanoids are mainly derived from arachidonic acid (AA)

cleaved from membrane phospholipids by phospholipase A; as a result of cell activation, which are
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then converted into different derivatives of eicosanoids by two enzymes cyclooxygenase (COX) and
lipoxygenase (LOX). COX produces prostaglandins (PGD., PGE,, PGF,, PGl;) and thromboxanes
(TxA2), whereas LOX produces leukotrienes (LTAs4, LTB4, LTCs, LTD4, LTE4). Eicosanoids are
produced mainly by myeloid cells in response to PRR activation by PAMPs and DAMPs, whereas
PAF is produced by leukocytes, endothelial cells and platelets. During inflammation, PGD., PGE> and
PGl, are potent vasodilators, inhibit platelet aggregation and mediate leukocyte trafficking and
recruitment, whereas PGF, and TXA; mediates vasoconstriction, promote platelet adhesion and
aggregation, smooth muscle contraction and proliferation as well as activation of endothelial
inflammatory responses'® ' LTB, and PAF are also important chemotactic agents for monocytes
and neutrophils, and PAF plays a vital role in facilitating leukocytes adhesion to endothelium for
subsequent transmigration process''~'*3, Significantly, higher levels of plasma PGF2, were found in
sepsis non-survivors compared to survivors and was associated with the development of ARDS in
sepsis patients™*. However, COX and PAF inhibition therapies in sepsis clinical trials using non-
steroidal anti-inflammatory drugs (NSAIDs) and PAF receptor antagonist respectively, has not shown

any significant impact on disease severity and mortality'*>"®,

Nitric oxide (NO)

Nitric oxide (NO) is one of the most researched vasoactive molecules known to regulate vasomotor
tone in the systemic vascular bed, produced by nitrox oxide synthase (NOS). NOS has three isoforms:
inducible NOS (iNOS), endothelial NOS (eNOS) and neuronal NOS (nNOS), all of which has a general
function of converting L-arginine to L-citrulline and NO. nNOS and eNOS are both constitutive enzyme
isoforms present in neurons and endothelial cells, respectively, that are activated by
calcium/calmodulin binding and are responsible for a constant low production of NO in maintaining
vascular integrity and blood flow. Conversely, iINOS are present mainly in leukocytes and vascular
smooth muscles, and are regulated transcriptionally upon stimulation by PAMPs, DAMPs and
cytokines, resulting in NO production at a higher concentration compared to constitutive NO
release’®. The role of NO as a vital mediator of vascular motor tone has drawn attention to its
implication in the systemic vasodilation, hypoperfusion and shock seen in sepsis

150

patients Interestingly, ex vivo studies have shown that PAF induced pulmonary oedema by
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decreasing endothelial NO production, whereas in extrapulmonary tissues, PAF induced oedema by

151

increasing endothelial NO levels™', suggesting a dual role of NO in the body and non-specific

inhibition may lead to unfavourable outcomes. Clinical trials in the inhibition of NOS to reduce levels

of NO in sepsis patients was stopped early due to its effect in increased mortality'2.

The complement system

The complement system consists of a group of plasma proteins involved in the control of inflammation,
sensing the presence of pathogens and the removal of immune complexes or cells opsonised by
antibody. The ability of the complement system to recognise features of microbial surfaces and marks
them for destruction with or without the presence of antibodies makes them part of the plasma
component of the PRRs, as well as acting as an effector arm of the antibody response. Complement
can be activated via three different pathways: Classical, Alternative and Mannose-Binding Lectin
pathway. In brief, all three pathways generate a C3 convertase and C5 convertase. C3 convertase
cleaves C3, leaving C3b bound on the microbial surface and release C3a, whereas C5 convertase
cleaves C5 into C5b, which triggers late event of the complement pathway and release C5a. Whilst
C3b is a major opsonin and C5b forms part of the membrane attack complex that facilitate cell lysis,
C3a and Cb5a are anaphylatoxin and act as chemotactic factors that recruit phagocytic cells to the site
of infection and cause inflammation. The ability of C5a to promote the production of various cytokines
and chemokines'?® and its association with increased mortality in sepsis patients’™* has made it an
attractive therapeutic target in sepsis'™. A phase Il clinical trial targeting against C5a using
monoclonal antibody was performed in septic patients (SCIENS; NCT02246595), though the results

of these trials have not been published so far.
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1.3.4 Cellular mediators of inflammation

Cells of the innate immune system perform a multitude of functions, where each cell type is unique
but has overlapping and cooperative functions with one another. Cells of myeloid origin, mononuclear
phagocyte system cells (macrophages, monocytes, dendritic cells) and granulocytes (mast cells,
neutrophils, eosinophils and basophils), are the main subpopulations in innate immunity that are
activated rapidly upon the encounter and recognition of PAMPs and DAMPs. Other non-myeloid cell
types such as lymphocytes, natural killer cells and platelets also play important roles in orchestrating
the body response to infection and inflammation. During local inflammation/injury, tissue-resident
macrophages and mast cells can become activated following microbial challenge and release
cytokines and chemokines such as histamine, TNF-a, CXCL1 (KC) and CCL2 (MCP-1) to recruit
neutrophils and monocytes. Following recruitment of neutrophils, different monocyte subsets are
subsequently recruited by chemotactic signals sent out by neutrophils, such as cathepsin G and

156-1%8  Recruited

azurocidin, creating a feed-forward loop of amplified inflammatory processes
neutrophils typically act in concert with monocytes/macrophages, which release various growth
factors (GM-CSF and G-CSF) and pro-inflammatory cytokines (TNF-a), that can activate and prolong
neutrophil survival to enhance the strength and duration of the anti-microbial effects’®'®°. However,
despite evidence showing factors released by neutrophils to recruit inflammatory monocytes, some
studies have shown that monocyte recruitment is independent of prior neutrophils migration''. Due
to their potent bactericidal and inflammatory properties, if the interaction between recruited
neutrophils and monocytes is not tightly regulated, it can be detrimental to the host and contributes
significantly to the pathogenesis of various inflammatory diseases’®. During the acute phase of

inflammation, macrophage, monocytes and neutrophils play major role in the orchestration of immune

response within hours of infection/injury onset.

Macrophages

Macrophages are considered terminally differentiated mononuclear phagocytes, retaining a high
degree of phenotypic and functional plasticity adapted to the local tissue environment but still have
the ability to change in response to stress. Therefore, there is a substantial degree of heterogeneity

among each resident macrophage population in each tissue according to their specific function
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required within the organ. For example, in the lung, there are several subsets of macrophages residing
at each compartment, such as alveolar macrophages and three subsets of interstitial macrophages'®?,
whereas in other organs, the major resident macrophages take different names such as liver (Kupffer
cells), spleen (splenic macrophages), bone (osteoclasts), skin (Langerhans cells) and brain
(microglial). Alongside mast cells, macrophages act as sentinels and a first line of defence against
infection, playing important roles in safe-guarding of the local tissues via their ability to phagocytose
pathogens and secrete chemokines to recruit other immune cells such as neutrophils and monocytes

to further enhance the local inflammatory responses’®?

. After the successful clearance of the invading
pathogen, macrophages also play an important role in the clearance of cells and cell debris that were
infected or damaged at the site of infection. Macrophages are also a member of a heterogeneous
group of professional antigen-presenting cells, including dendritic cells and B cells, that could process

and present antigens for the recognition by T cells, playing a vital role in the connection between

innate and adaptive immune response.

Monocytes

Monocytes are characterised by their functional plasticity and primary roles in orchestrating the
development and resolution of inflammation. Monocytes are derived from a bone marrow reservoir of
pluripotent haematopoietic stem cells which undergo sequential differentiation through the common
myeloid-progenitor, granulocyte-macrophage progenitor, the common macrophage and dendritic cell
precursor and finally the committed monocyte progenitor before being released into the blood. In the

164-170. 1) ‘inflammatory’ monocytes

blood, there are 2 main monocyte subsets in human and mice
(human ‘classical’ subset CD14"%" CD16" CCR2"9" CX3CR1"°%; murine equivalent CD11b* Ly6C"e"
CCR2"s" CX3CR1"“"), 2) patrolling monocytes (human ‘non-classical’ subset CD14°% CD16""
CCR2°" CX3CR1"9"; murine equivalent CD11b* Ly6C'** CCR2°¥ CX3CR1"9"). There is a third subset
of monocytes in human that are less defined and are not present in mice, termed the intermediate
subset (human CD14™CD16* CCR2"°¥ CX3CR1"9"). Upon maturation, monocytes are produced and
released continuously from the bone marrow and circulate in the bloodstream, in which each

monocyte subset exhibit different lifespans. Classical monocytes circulate in the bloodstream for a

day, intermediate monocytes circulate for about 4 days and non-classical monocytes for 7 days'’".

44



The inflammatory subset of monocytes are recruited to the inflamed tissues during infection/injury and
are able to differentiate into dendritic cells or resident macrophages after resolution of inflammation,
whereas the patrolling monocytes are perceived as ‘resident monocytes’ that carries out

immunosurveillance, found in both resting and inflamed tissues'®4166.172173,

However, these
classification may be oversimplistic as monocyte subsets are heterogeneous and different sub-
phenotypes of monocytes are continually being discovered, both in the bone marrow and in the

b|00d174,175

Neutrophils

Neutrophils, the most abundant cell type of granulocytes, are an indispensable member of the innate
immune system for the defence against intruding pathogens during infection. Neutrophils are being
produced extensively in steady state within the bone marrow in large numbers, around 10" cells per
day'®'""_ They are released continuously into the bloodstream in a circadian regulated fashion to
patrol the tissues for any infections or danger signals'’®'"®. During local inflammation, a series of
aggressive responses are initiated, where neutrophils are rapidly deployed from the blood and from
the bone marrow reservoir to the site of infection or inflammation for effective containment of
pathogens and initiation of the tissue remodelling process. As the major role of neutrophils is to
contain infection or inflammation, they are equipped with defensive capabilities such as phagocytosis
to ingest microbes, degranulation to release the content of their granules such as elastase,
myeloperoxidase (MPO), defensins and matrix metalloproteinases (MMPs) to destroy pathogens and
carry out NETosis to produce extracellular traps (NETs) that snare and degrade microbes via similar
mechanisms as degranulation'’”'8%8" Dye to their large armoury of anti-microbial and bactericidal
mediators, enzymes and oxidative capacity, neutrophils have the potential to cause significant tissue
damage when activated. To minimise these collateral effects on host tissues, neutrophils normally
reside within the blood with a short half-life (4-18 hours)'®? before undergoing pre-programmed

apoptotic cell death and clearance by the reticuloendothelial system (RES)'#3-"8°,
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1.3.5 Priming & Tolerance

Other than the recognition of PAMPs and DAMPs, the innate immune system is a dynamic and
multifaceted system and is far from one-dimensional response to any one particular insult/injury,
especially in the context of sepsis/SIRS. It has been found that members of the innate immune
system, particularly monocytes and macrophages, exhibit an enhanced responsiveness to a
secondary stimulus if previously exposed to low-grade stimulus, a phenomenon termed priming8-18".
Through priming, the activation and subsequent responses of innate immune cells can be regulated
in a way so that a continuum of activation states is achieved, to prepare the host response in case of
a secondary infection. Experimentally, in vivo exposure to subclinical low-dose of LPS (<100pg/ml)
heightened the activation states of monocytes and macrophages and create a more robust expression

of pro-inflammatory mediator release in response to a second LPS challenge'88'8°

, including TNF-a -
, IL-12 and IFN'®, Other than a direct response to PAMPs, the adherence of leukocytes to endothelial
cells may also represent another form of interaction-dependent priming, whereby cells become more
responsive once in contact with the vascular endothelium. This process plays a key role in
neutrophil/monocyte-mediated ALIl, where neutrophils and monocytes remain in the pulmonary
capillaries in a latent activation state but not migrating across the endothelium, a phenomenon termed

margination/sequestration. Leukocytes margination and priming in the lungs will be discussed in more

detail in Section 1.4.2.

Conversely to priming response after exposure to low-grade endotoxin, monocytes can tolerate
refractorily to a second endotoxin challenge shortly after the first encounter in a high-grade sublethal
dose, a phenomenon termed endotoxin tolerance’. Experimentally, after an initial exposure to high
dose LPS challenge, monocytes exhibit a reduced expression of HLA-DR and TNF-a production in
response to a secondary LPS challenge'" ', In the context of non-infectious injury, ischaemic pre-
conditioning, where transient brief episodes of ischaemia before a subsequent prolonged ischaemia
reperfusion injury has also been shown to induce tolerance, reducing the extent of subsequent organ
damage'®. Interestingly, cross-tolerance between infectious and non-infectious injury was also
observed, where LPS pre-conditioning protected animals against secondary IRI in the brain via

monocyte deactivation and reduced neutrophil infiltration'®. Overall, both priming and tolerance
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phenomenon observed in monocytes were shown to operate via the regulation of the MAPK and

NFkB pathways'92'9-197 further highlighting the redundancy of the immune system during infection

and inflammation. Interestingly, when monocytes were isolated from septic patients’ blood, they

showed responses of endotoxin tolerance when stimulated with LPS ex vivo via down-regulation of
198-200

NFkB, causing reduced pro-inflammatory cytokines production , in line with Cavaillon’s

compartmentalisation model of sepsis described previously.

1.3.6 Immunity and the nervous system
Tracey and colleagues discussed how the nervous system is involved in the regulation of
inflammatory responses in sepsis and inflammation, such that the stimulation of the efferent vagus

nerve could suppress inflammation®-*"

. They described the interconnected neurological and
immunological feedback systems, detailing how the nervous system could directly influence the
capacity of the immune system to produce TNF-a and the host sensitivity and tolerance to LPS. These

findings add yet another dimension to the ever multifaceted and complex nature of immune response

during infection and injury and have expanded our perception of immunology beyond the blood.

1.3.7 The endothelium in sepsis and SIRS

The vascular endothelium is a truly pervasive tissue, where they cover a surface area of more than
3000m? throughout the whole body?°2. Endothelial cells were once considered a metabolically inactive
cell lining and were described as merely a simple nucleated membrane. However, it has now been
recognised that endothelial cells are highly dynamic and metabolically active in the regulation of
vascular motor tone and are key determinants of many active physiological functions such as blood
cell trafficking, coagulation, homeostasis, functional permeability barrier, angiogenesis and innate and
adaptive immunity. While endothelial cells line all vascular structures, significant structural and
functional heterogeneity exists amongst these cells in different organs. Thickness of endothelial cells
can vary from less than 0.1um in capillaries to 1um in the aorta. Endothelial cells in various sizes,
shapes and orientations relative to blood flow have been described in various parts of tissues such
as the aorta, inferior vena cava, arterioles, capillaries, postcapillary venules and pulmonary artery and
vein?®,
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During inflammation in the systemic circulation, neutrophils recruitment occur in post-capillary venules
and this process requires their capture, rolling and firm adhesion on activated endothelial cells to
facilitate their subsequent transmigration into tissues. Various selectins, adhesion molecules,
integrins, cytokines and chemokines have been identified for their participation in this process,
characterised mainly in human umbilical vein endothelial cells (HUVECs) in vitro, as a great
representation of endothelium in systemic blood vessels®**?%. These early studies led to the evolution
of the “multistep paradigm” concept of leukocyte interaction with the systemic endothelium?®©2%7. In
brief, the multistep cascade of leukocyte interaction with systemic endothelium involved activation of
endothelial cells by various inflammatory mediators or haemostatic signalling molecules, such as
cytokines, chemokines, eicosanoids, NO and complement, triggering the first step of enhanced
tethering of leukocytes to the vascular wall. The leukocytes then tether and roll along the endothelium
mediated by selectins (P- and E-selectins) expressed on endothelial cell binds to P-selectin
glycoprotein ligand-1 (PSGL-1), on neutrophils, as well as flow or shear forces exerted by the blood
flow. In activated leukocytes, integrins such as as31 (VLA-4), a 32 (LFA-1 or CD11a/CD18), amfB2 (Mac-
1 or CD11b/CD18) on the surface change their conformation from ‘bent’ to ‘extended’ shapes,
adopting a high-affinity and avidity conformation for their subsequent binding to their respective ligand
receptors®®®. Binding of integrins to adhesion molecules such as intercellular adhesion molecule-1
(ICAM-1) or vascular adhesion molecule-1 (VCAM-1) on endothelium facilitate firm adhesion and
subsequent arrest of leukocytes on the vessel wall?*®2'°. Eventually, this cascade of events leads to
transmigration or diapedesis of leukocytes across the endothelium barrier to extravascular sites by

disrupting the adherens and tight junctions of the endothelium.

Despite characterisation of the molecules and mechanisms involved in the multistep cascade of
leukocyte interaction with systemic endothelium, each organ contain a highly specialised and
heterogenous group of endothelial cells for different vascular functions?'", resulting in their differences
in sensitivity and response to inflammation. Therefore, the interactions of leukocytes with endothelium
in different organ vasculatures are distinct, with potential important consequences for local

inflammation and development of organ injury. For the scope of this study, the mechanism of
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pulmonary vascular endothelial inflammation and leukocytes interaction in the lung will be discussed

more specifically in detail in section 1.4.

There are many indications that suggest a hyperinflammatory state of endothelial cells during
sepsis/SIRS, mainly demonstrated through measurements of biomarkers in human clinical trials and
animal models of sepsis. For example, plasma level of endothelial activation/injury markers such as
angiopoietin-2, von Willebrand factor (vWF), vascular endothelial growth factor (VEGF), soluble FMS-
like tyrosine kinase-1 (sFlt-1), and E-/P-selectin, have been implicated to associate with increased
mortality and poor outcome in septic patients'’>2'2-2'* |n caecal ligation and puncture (CLP), the ‘gold
standard’ animal model of sepsis, increased expression of adhesion molecules ICAM-1 and VCAM-1
on endothelial cells were observed in various organs, including lung, kidney, liver and heart?'>2®.
ICAM-1 and VCAM-1 are important molecules involved in neutrophil adherence and transmigration,
as well as adhesion of monocytes and lymphocytes during inflammation, both of which are highly
implicated in the increased permeability of the endothelium and their subsequent dysfunction during
disease progression. Serum levels of ICAM-1 and VCAM-1 have been found to associate with multiple
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organs dysfunction and mortality in septic patients*'’, indicating the detrimental effects of endothelial

dysfunction during sepsis.
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1.4 Inflammatory mechanisms and models of sepsis-induced indirect ALI

The lung is a unique organ consisting of three major compartments: the airways, vasculature and
interstitium. The airway interface is made up of mainly alveolar epithelial cells and alveolar
macrophages, which is constantly exposed to a large number of airborne pathogens through every
breath, whereas the vasculature which is made up of mainly endothelium, smooth muscles and
fibroblasts has a vast surface area of 120m? and is constantly exposed to the entire cardiac output

that passes through the lung with every heartbeat?'®

. While maintaining low blood pressure, the
pulmonary vasculature interacts with vast variety of vasoactive mediators, circulating cells and
potential pathogens. The hallmarks of ALI/ARDS are increased capillary permeability leading to
interstitial and alveolar oedema and influx of circulating inflammatory cells from circulation to the lung.

Therefore, it is essential to understand the mechanism of vascular inflammation and permeability

regulation in the lung for better understanding of the disease pathogenesis.

1.4.1 The pulmonary endothelium

The pulmonary endothelium is a continuous, squamous monolayer of cells that lines the blood
vessels, which together with alveolar epithelial cells forms a thin 0.1um layer called the alveolar-
capillary membrane. However, similarly to the systemic vasculature, endothelial cells in the lungs
exhibit heterogeneity in size, shape and orientation. Notably, in a study of rat blood vessels where the
pulmonary endothelial pavement patterns were compared across pulmonary artery, veins, aorta and
vena cava, endothelial cells in the pulmonary artery were found to be smaller in rectangular shape,

whereas endothelial cells in pulmonary vein were larger and more rounded®'®.

Permeability

In addition to morphological/structural heterogeneity, recent research has shown functional
heterogeneity within the lung vascular beds, where calcium handling, regulation of permeability,
proliferative potential, as well as physiological and biological responses to diseases, could differ
significantly between macro- and micro-vascular endothelial cells of different vessels within the lung.
Unlike other organs, the lung needs to maintain a relatively dry interstitial and alveolar gas space to
facilitate efficient gas exchange. Similarly to the relatively impermeable blood-brain barrier, the

50



regulation of vascular permeability by the pulmonary endothelium is crucial in preventing detrimental
oedema and to maintain normal lung function?®®. However, endothelial permeability varies between
different vessels within the lung. The pulmonary microvascular endothelium is much more

221,222

impermeable to fluid and protein flux than pulmonary arteriole or venular endothelium , Whereas

the pulmonary venules has greater permeability for diffusion of macromolecules compare to

pulmonary arterioles?*-2%°

In the pulmonary endothelium, increase in vascular permeability is characterised by both disruption
of paracellular junction between endothelial cells and the enhancement of transcellular protein
transport. The paracellular permeability is regulated by inter-endothelial junctional complexes
consisting of tight junctions (occludins, claudins and zonula occludins), adherens junctions (VE-
cadherin and the associated catenins) and focal adhesions (direct interaction of junctional protein
complexes with cytoskeleton). Overall, the destabilisation of these junctional complexes promotes

221228 Transcellular

leukocyte transmigration and formation of oedema via intercellular gaps
permeability on the other hand, is mainly dependent upon the transport of plasma proteins (e.g.
albumin), mediated mainly by caveolae. Although the mechanism(s) by which endothelial cell
transcytoses albumin is not completely understood, we know that upon binding of albumin to gp60,
caveolin-1 interaction with the gp60 clusters induces Src tyrosine kinase signalling, which in turn

phosphorylates dynamin-2 and caveolin-1, initiating endocytosis, transcytosis and exocytosis of the

protein albumin to the other side of the endothelial barrier?®®.

Although in vitro lung endothelial cultures have been used widely to study permeability change, some
stimulatory agents found to increase permeability change in vitro does not necessarily represent the
response of the lungs in situ, suggesting phenotypic differences between endothelial cells in culture
and in situ®°. Specifically, in vitro pulmonary endothelial cells exhibit strong permeability change in
response to thrombin, LPS and TNF-a in a Rho-kinase dependent manner (and subsequent actin
stress fibre formation)*'2%, but none of these agents increases vascular permeability by direct
interaction with endothelial cells in isolated perfused lungs (IPL)***72%*. Notably, LPS and TNF-a were

able to induce oedema when leukocytes are present in IPL, suggesting that these agents acted
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primarily on immune cells rather than directly on endothelial cells**®%4°-2*2_ Conversely, PAF and

bradykinin trigger significant oedema formation in the IPL but not in vitro®**-2.

Protein expression and mediator release by pulmonary endothelial cells

The constitutive function of pulmonary endothelial cells includes regulation of coagulation and
thrombolysis, promotion of blood flow, as well as the synthesis and metabolism of vasoactive
compounds such as angiotensin Il, prostacyclin, thromboxane Ay, nitric oxide (NO), endothelin-1, and
angiotensin converting enzyme (ACE)**’. Upon activation by exposure to inflammatory stimuli
(PAMPs or DAMPSs) or in contact with activated leukocytes, the pulmonary endothelium expresses
leukocyte adhesion molecules and cytokines, become procoagulant and induce changes in vascular
permeability and tone via alteration in their synthesis of vasoactive compounds. Endothelial-derived
vasoactive compounds such as NO and endothelin-1 are implicated in calcium sensitisation in smooth
muscle of the lungs in response to vasoconstriction during hypoxia®*®. Endothelin-1 level was also
found to be potential predictor of lung function during ex vivo lung perfusion and after lung

transplantation®®, and is correlated with pulmonary hypertension?°.

In comparison to other organs, the lung expresses the highest levels of VEGF, ICAM-1, VCAM-1 and
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P-selectin®'2%3, Although VEGF is mainly produced by alveolar type Il epithelial cells, its diffusion
from the neighbouring cells to bind to VEGF receptors on pulmonary vascular endothelium, and in
orchestration with angiopoietin-1 and angiopoietin-2 via Tie-2 receptor signalling, plays a critical role
in the regulation of pulmonary vascular permeability**>%**. Increased level of VEGF was consistently
found in various ex vivo models of lung injury including cystic fibrosis, lung transplant and
cardiopulmonary bypass®>2*’. Importantly, VEGF was found to be higher in the plasma of ARDS

non-surviving patients compared to control subjects®®

. In parallel, increased plasma levels of
angiopoietin-2 were found to exacerbate pulmonary inflammation in vivo®® and were correlated with
pulmonary oedema and mortality in patients with ARDS'?'?, |Increased expression of ICAM-1,
VCAM-1 and P-/E-selectin on the surface of pulmonary endothelial cells was also known to promote

261,262

vascular leakiness via increased neutrophil adherence in vivo and in vitro , which may potentially

contribute to endothelial inflammation and injury observed in ALI/ARDS.
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1.4.2 Leukocytes margination and sequestration in the pulmonary circulation

In 1960s, Athens et al. demonstrated that almost 50% of the infused granulocytes were distributed to
‘circulating’ pool within the bloodstream, whereas the other 50% were marginated away from the
luminal flow to the venule walls, forming the ‘marginal’ pool?®>2%°, In the same series of studies, the
marginal (or marginated) pool were shown to be able to mobilise back into the circulating pool by
infusion of adrenaline, whereas endotoxin infusion increased the size of both pools by mobilising new
cells from bone marrow. Apart from large venules, granulocytes margination can also happen in the
narrow capillaries of various organs including spleen, liver, kidney and the lung. In the pulmonary
microcirculation, leukocytes such as neutrophils with diameters of 12-14um must undergo
deformation to squeeze through the narrow pulmonary capillaries, which has an average diameter of
6um?®. Along with the low blood flow velocity in the pulmonary circulation, this increased transit time
of leukocytes through the pulmonary capillaries thus leads to an overall higher concentration of
leukocytes in the lung microvasculature compared to large vessels in the macrocirculation. Doerschuk
described the term ‘margination’ to define the increased concentration of leukocytes in normal,
uninflamed lungs, and ‘sequestration’ to refer to leukocytes trapped in the lung capillaries during
inflammation via enhanced adherence to the endothelium and are prepared to ‘transmigrate’ across

the endothelial barrier®®®

. As described above, various adhesion molecules, integrins and selectins
are required for the sequestration of leukocytes in the post-capillary venules in extrapulmonary
macrocirculation. In the lungs, it has been shown that the principal site of leukocyte migration is the
capillary bed rather than post-capillary venules, and the sequestration of leukocytes in the pulmonary
capillaries are independent of selectins or adhesion molecules®®’. However, selectin-mediated rolling

was demonstrated in pulmonary arterioles and venules®%2%°

, and for neutrophils to remain
retained/sequestered within the pulmonary capillaries for longer period, binding of L-selectin to PSGL-
1, and CD11/CD18 (amp:2 integrin) to ICAM-1 on endothelial cells in pulmonary capillaries remains a

critical process®’%?"",

In addition to neutrophils, large proportions of monocytes also marginate in the lungs?’2. Although

monocytes and neutrophils are of similar diameter, monocytes were found to be less deformable than
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neutrophils, which may contribute to a more prolonged transit time across the pulmonary capillaries
as compared to neutrophils®”®. During endotoxaemia, LPS was found to increase monocyte stiffness
(decreased deformability) via F-actin reorganisation, whereas the expression of CD18 (B2 integrin) on
monocytes was found to be essential in their prolonged retention in the lungs by enhancing their
adhesion to the endothelium?”*, similarly to neutrophils. Under steady state in mice, low levels of both
Ly6C"e" and Ly6C"" monocytes were found to patrol within large vessels of the lung and between
capillaries'”, whereas during endotoxaemia, significant proportion of Ly6C"9" monocytes mobilised
from the bone marrow reservoir marginate to the lungs in a functional primed state by exhibiting

enhanced phagocytic capacity and potentially predisposes the lung towards injury'”27°27¢,

1.4.3 Neutrophil-mediated lung injury
In the lungs, marginated neutrophils may take on primary role in host defense during blood-borne
infection, in contrast to the spleen and liver where intravascular resident macrophages are dominant
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in immobilisation of circulating pathogens . Neutrophil-associated organ injury is a well

characterised phenomenon in ALI/ARDS, especially during direct lung insults®”®

. During direct
ALI/ARDS, cytokines such as TNF-a and IL-1p released by activated alveolar macrophages activate
the lung endothelium via upregulation of selectins and adhesion molecules®®, and neutrophils are
recruited to the lung by chemokines such as CXCL1/CXCL8 and CXCL2%'. After firm adherence to
the endothelium by binding to adhesion molecules via selectin and integrin expression as described
above, neutrophils can transmigrate across the endothelial barrier and epithelial barrier into the
alveolar space, where they release various cytokines, chemokines, proteolytic enzymes, peptides and
cytotoxic mediators such as azurocidin, defensins, proteinase 3, MMPs, MPO, ROS and RNS?"®.
Neutrophil-mediated lung injury is often discussed as a two-step process, where tissue damage
induced by neutrophil degranulation and respiratory burst that requires an initial ‘priming’ step, is
followed by a second ‘activation’ step®%?%®, Recently, it has been considered that the primed
neutrophils sequestered in the pulmonary vasculature can de-prime and be mobilised back into the
circulation in the absence of a second insult, but when there is a second lung-directed insult,
transmigration of the primed neutrophils occurs, leading to their full activation and eliciting tissue

damage?®®. Overall, the activation and transmigration of neutrophils into the alveolar space causes
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increased permeability in the lung due to the disturbed endothelial and epithelial barriers in the
alveolar space, leading to formation of lung oedema and accumulation of protein-rich oedema fluid in
the alveolar space. The release of cytotoxic and immune cell-activating agents in the alveolar space
by neutrophils causes further alveolar damage via inactivation of surfactant, formation of hyaline
membranes and apoptosis and necroptosis of epithelial cells. Although recruitment of neutrophils into
the alveolar space is a hallmark of direct ALI, several indirect models of ALl have also shown
neutrophil-dependent injuries®®, where neutrophil margination and sequestration in the pulmonary
capillaries is followed by microvascular congestion and oedema formation, mainly in the interstitial

space*.

1.4.4 Monocyte-mediated lung injury

It has been demonstrated that circulating monocytes are also important in the pathogenesis of sepsis-
induced ALI, as septic lung injury can occur even in neutropenic patients?®2%¢, However, their role in
the pathogenesis of ALI/ARDS has been large overlooked. In livestock animal such as pigs and
sheep, the resident pulmonary intravascular macrophages (PIMs) were thought to be responsible for
their unique susceptibility to experimental ALI?**?%_ |n species that lacks PIMs such as human and
mice, monocytes are rapidly mobilised from bone marrow into the circulation during inflammation, and
rapidly marginate to microcirculation of various organs, where they contribute to local inflammation
and innate immune response'®2%6291 Therefore, it has been proposed that the lung-marginated
monocytes may resemble characteristics of PIMs during inflammation and contribute to the
development of lung injury and inflammation®*?2%, Various studies have shown that marginated
intravascular monocytes plays a key role in the pathogenesis of ALI, where their depletion in the lung
attenuated pulmonary vascular inflammation and oedema both in vivo and ex vivo*®*2%. Several
studies carried out in our group has shown that intravascular monocytes were able to exert pro-
inflammatory and pro-injurious effects locally within the pulmonary vasculature, suggesting their role
in the development of ALI'87291:294.2%7 The monocyte-derived effectors that induce tissue damage or
injury are unclear, but role for TNF-a during indirect ALI*®' and VEGF during direct ventilator-induced
ALIP3% 'hoth secreted by Ly6C"e" monocytes, were shown to play a crucial role in the pathogenesis

of ALL.
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1.4.5 Animal models of ALI

There is a wide array of in vivo animal models for both direct and indirect ALI that reproduces the
physiological and pathological characteristics of human ALI to varying degrees. These features
include the acute onset, diffuse bilateral alveolar injury, severe hypoxemia, decreased lung
compliance, increase endothelial-epithelial permeability, increased lung cytokines and neutrophilic
alveolar infiltrates®®. It is now recognised that no single animal model for ALl is ideal, as none of them
can completely reproduce all features of human ALI/ARDS. Instead, the choice of model will depend
on the pathophysiological mechanism to be addressed, which should be tailored to the purpose of
individual hypothesis. In the official American Thoracic Society workshop report, animal models were
suggested to include at least three of the four main features of clinical ALI: histological evidence of
tissue injury; alteration of the alveolar capillary barrier; presence of an inflammatory response; and
evidence of physiological dysfunction®%2. In aid of these guidelines, Aeffner et al. has also provided
methodologic guidance on how to approach the measurements of these features®®®. However, as
different animal models have shown significant differences between direct and indirect injury in all
four of these pathophysiologic features, a variety of different animal models are used across different
research groups. For example, Menezes et al. compared animal models of direct and indirect ALl and
showed that intratracheal LPS model induced more pronounced injury to the alveolar epithelium and

304 Moreover,

apoptotic neutrophils, whereas intraperitoneal LPS model presented interstitial oedema
Bhargava et al. shown that intratracheal IL-6 exerted anti-inflammatory effects in animal model of
direct ALI (intratrachael endotoxin), but not in indirect model of ALI (intraperitoneal endotoxin),
highlighting the fundamental differences in the pathogenesis and response to treatment between

these two forms of ALI*®®. Some of the most commonly used experimental models of direct and

indirect AL is tabulated as below (Table 1.3), adapted from Shaver®® and Matute-Bello®°.
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Direct lung injury Indirect lung injury

Intratracheal LPS/bacteria Intravenous LPS/bacteria

Acid aspiration Peritonitis/Intraperitoneal LPS

Surfactant depletion (saline lavage) Cecal ligation and puncture (CLP)

Mechanical ventilation Haemorrhage

Infectious organisms Non-pulmonary ischaemia reperfusion

Bleomycin Intravenous oleic acid injection

Hyperoxia Femur fracture with hemorrhage
Ischaemic renal injury

Table 1.3 Experimental animal models of direct and indirect lung injury.

Common models used to simulate direct (left column) and indirect (right column) lung injury in small
experimental animals. Intra-alveolar injury induced by pulmonary challenges such as intratracheal
LPS, acid aspiration, surfactant depletion and injurious mechanical ventilation are commonly used to
induce direct lung injury, whereas extra-pulmonary injury induced by intravenous or intraperitoneal
LPS, CLP and haemorrhage are commonly used to induce indirect lung injury. (Adapted from
Shaver® and Matute-Bello*®)

In addition to these standalone single insult models, “two-hit” injury models, which combines different
insults have been developed in an attempt to better capture the multifactorial nature of ALI/ARDS.
For example, intratracheal instillation of LPS or hydrochloric acid followed by ventilator-induced lung

injury (VILI) was used to better simulate the severity of direct ALI*%®

, whereas haemorrhage followed
by caecal ligation and puncture (CLP) was used to induce features of indirect ALI. In some cases,
direct and indirect lung insults are used in combination, such as CLP followed by VILI*. Overall,
research efforts have been placed largely on reproducing clinical features of ALI in vivo. Despite their
use as pre-clinical models for potential therapeutic targets and treatments, overwhelming
inflammatory insults to recreate respiratory failure in animal models does not necessarily aid our
understanding of the basic inflammatory mechanism in ALI pathogenesis. In order to gain a deeper

and more precise understanding of the cellular and molecular components of ALI pathogenesis, it is

preferable to utilise models designed to resolve specific research question.

Animal models of sepsis/SIRS-induced indirect ALI
Amongst the animal models used to study indirect ALI, the general biological aims coincide with the

modelling of sepsis or non-infectious SIRS, which are to recreate an overwhelming inflammatory
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response in the systemic circulation. For example, administration of LPS or bacteria (either
intravenously or intraperitoneally) and CLP, are aimed towards the recognition of bacterial products,
or PAMPs, by the innate immune system.On the other hand, other models such as
haemmorrhage/bone fracture, ischaemia reperfusion injury (IRI) and oleic acid injection are aimed
towards recreating the production of DAMPs by dying or damaged cells through
processes/procedures that induce excessive cellular damage. Although in vivo polymicrobial sepsis
models such as CLP may be considered more appropriate when studying the overall clinical picture
of sepsis-induced ALl, it is now appreciated that CLP produces only a very mild degree of ALI before
mice die due to sepsis itself. Overall, as indirect ALI often result from insults carried via the
bloodstream to the pulmonary circulation, the study of mediators released into the circulation during

sepsis/SIRS is important.

Ex vivo isolated perfused lung models

In addition to in vivo animal models, ex vivo isolated perfused lungs (IPL) of laboratory animals has
been widely used in the study of lung function and inflammation®®='°_ |IPL has several advantages
for the study ALl as it provides intact standalone organ preparation without the systemic influence of
other organ systems and the ability to modify several parameters with precision such as ventilation
protocols and gas content, perfusate constituents and pulmonary vascular flow. The IPL system has
commonly been used in the investigation of direct lung injuries such as pneumonia®!’, ventilator-
induced lung injury (VILI)**®'2] lung ischaemia-reperfusion injury (IRI1)?**3'3 with the advantages of
measuring cytokines and chemokines released into the pulmonary perfusate®**3'%3"" |n the context
of pulmonary vascular injury, IPL serves as a useful model for the measurement of vascular reactivity
and permeability in response to various biological or pharmacological mediators, including PAF,

)236—239,314—316

thrombin, TNF-a, LPS and sphingosine-1-phospohate (S1P

Despite its advantages over in vivo models, IPLs are underused for the study of indirect ALI,
potentially owing to the difficulty in maintaining IPL for prolonged period of time for measurement of
transcriptional responses, or its limitation in recreating significant oedema with standalone indirect

insults as described above (1.4.1). For example, the infusion of LPS and TNF-a, two components well
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known to be involved in the pathophysiology of sepsis, into the perfusion circuit of IPL failed to elicit
oedema formation in the lung in the absence of leukocytes or blood components?°. Interestingly, IPL
obtained from LPS-treated, but not untreated rats, exhibited significant increase in pulmonary
perfusion pressure in presence of blood components in IPL perfusate, suggesting in vivo responses
to LPS are critical®'’. These findings are consistent with the essential role for ‘primed’ lung-marginated
leukocytes in development of indirect ALI and suggest the suitability of IPL for this investigation.
Indeed, several studies have reported the retention of marginated leukocytes following relatively long
perfusion periods, specifically in the lung transplant setting, suggesting they are retained in an active
state?®?18320 Additionally, IPL serves as a useful tool to investigate the interaction of pulmonary
vascular cells with circulating mediators produced during sepsis in isolation, allowing precise

assessment of the mechanism involved in lung injury during sepsis-induced indirect ALI.
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1.5 Extracellular vesicles (EVs)

Extracellular vesicles (EVs) is the collective name of a heterogeneous family of small membranous
vesicles originating from the endosome or plasma membrane are released by virtually all cell types.
Their biological function was unclear for some time as they were first described in 1976 by Peter Wolf
as platelet dust. Thus, EVs were initially regarded as debris for disposal of cellular waste without any
biological significance®'. However, with improved research tools over the years for the isolation,
measurement and imaging of EVs, much has been revealed regarding their biological function in
intercellular communication and their pathological significance in health and diseases. Currently,
there are 3 main sub-groups of EVs characterised on the basis of size, content and mechanism of
formation: 1) exosomes; 2) microvesicles (MVs) or microparticles (MPs) or sometimes referred to as

ectosomes or shedding vesicles; and 3) apoptotic bodies.

1.5.1 Biogenesis and markers of EVs

Exosomes are the smallest EVs, sized between 30-100nm, whereas MVs are generally between
100nm-1um and apoptotic bodies are 1-5um in size®??. However, these size ranges are not an
absolute indicator of EV subgroups, as considerable overlap exist between each subgroup®.
Therefore, basic differences in biogenesis and surface markers serve as crucial additional information
for identification of EVs. Exosomes are thought to be released by living cells through an active
endosomal pathway both under resting and activated conditions. They are initially formed by inward
bulging and pinching off from the plasma membrane to form early endosomes. The inward budding
of endosomes then forms intraluminal vesicles (ILVs) in internal complexes known as multi-vesicular
bodies (MVBs) evolved from the late endosome. These MVBs can then either undergo fusion with
lysosomes for the degradation or recycling of the ILVs, or fuse with the plasma membrane to release

the ILVs into the extracellular environment as exosomes.

MVs on the other hand, are released following cell activation or apoptosis via direct budding from the
plasma membrane, carrying surface markers from their precursor cells. However, there are
differences between the parent cell and daughter MV surface molecules due to phospholipid
membrane rearrangement associated with the blebbing process and MV formation. Due to differences
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in biogenesis, exosomes are thought to carry distinct surface markers from those seen on the surface
of MVs. Overall, the outward budding of MVs results in their ‘right-side-out’” membrane orientation,
which guarantees the surface expression of their parental cell markers®*. However, the initial inward
budding of plasma membrane in the formation of exosomes may lead to the transfer of plasma
membrane markers of the parental cells to the inner membrane of endosomes during this process,
which could then flip inside-out through endosomal budding®?®. This process could lead to the

occasional surface expression of parental cell markers in some exosomes>263%"

Components of the endosomal sorting complex responsible for transport (ESCRT) complex and
tetraspanins such as CD9, CD63, CD81 were previously considered to be specific markers of
exosomes, but it is now recognised that MVs and apoptotic bodies can also carry them®?®. A recent
position statement by the International Society of Extracellular Vesicles (ISEV) has clarified the
common expression of ESCRT components in both exosomes and MVs, including TSG101, VPS4
and Alix, suggesting the use of “small EVs” in general instead of specifically naming certain
preparation as exosomes or MVs*?°, This highlights the challenge in the field of EV research, where
there is significant overlap in size and markers between exosomes and MVs, making them difficult to
be distinguished from each other. So far, a consensus has yet to be established on specific markers
to differentiate exosomes from MVs>%°. For simplicity, here we chose to refer to EVs that express their
parental cell marker as MVs, rather than exosomes in this study, based on their ‘right-side-out’

membrane orientation characteristics during formation.

Phosphatidylserine (PS) expression in MVs

Under resting conditions, phospholipids are asymmetrically distributed in the plasma membrane,
where positively charged phosphatidylcholine (PC) and sphingomyelin are aligned on the outer leaflet,
whereas the negatively charged phosphatidylserine (PS) and the neutrally charged
phosphatidylethanolamine are aligned on the inner leaflet. Such asymmetric distribution is tightly
regulated by aminophospholipid translocases including “flippases” which govern the normal resting
phospholipid distribution, “floppases” which are responsible for the translocation of PS from the inner

to outer leaflet of plasma membrane, and “scramblases” which favours randomisation of
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330331 When cells are activated, increased

phospholipids distribution in a bi-directional manner
intracellular calcium causes the activation of calpain, cytoskeletal contraction and dysregulation of
aminophospholipid translocases, resulting in the externalisation of PS to the outer leaflet, followed by
membrane budding and the shedding of MVs into the extracellular space®*33%-34 The externalisation

of PS has been widely described as an essential process in the biogenesis of MVs and their

identification has served as a general marker of MVs for decades.

Annexin V, a calcium-dependent phospholipid-binding protein that has a high affinity for the anionic
phospholipid PS, is often used as an identification marker for MVs. Annexin V positive MVs were

traditionally referred as procoagulant MVs®*-2%

after Thiagarajan et al. first demonstrated the
expression of anionic phospholipids on platelets and platelet-derived MVs, and their involvement in
binding to factor Va®*, demonstrating their procoagulant properties. However, we have progressed
to understand that MVs can be released by a variety of other cell types and the procoagulant
properties of non-platelet-derived MVs remains unclear®®®. In contrast, platelet MVs were shown to
also carry anti-coagulant properties, implicating that their procoagulant role is not definite®*®. It has
been suggested that the MVs produced from cell activation and apoptosis may exhibit distinctive
phenotypes in size, composition and marker, including PS expression®'3%?. Two distinct populations
of MVs with or without surface PS expression have been widely described in various in vitro and in
vivo models, though this may be dependent on the conditions/stimulation upon cell activation3#*-34®,

39951 and exosomes®*? have recently been

Additionally, the exposure of PS by necroptotic MVs
described, suggesting the heterogeneity and the lack of a specific marker for the identification of MVs.
Therefore, the use of annexin V as a generic marker for MVs remains controversial to date. Some
believe it helps to distinguish cell debris and precipitates that lack PS expression from the MVs3%3,
whereas some define MVs only by size and surface antigen staining without testing for Annexin V

344.354-3% and some categorise MVs into annexin V positive and negative populations>*>>%",

positivity
Other than Annexin V staining for PS, alternative generic MV detection methods were recently
investigated, including calcein, CFSE, lactadherin (a PS-binding protein) and Di-8-ANEPPS, but none

were found to provide absolute sensitivity and exclusivity in the detection of EVs by flow cytometry>?®.
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Other alternative labelling of EVs using lipophilic dyes such as PKH67, DiD, DiL, or bio-maleimide
such as BODIPY were also commonly used, but none of these provide any specificity to vesicular
membrane as they readily stain any lipid structure (in the case of lipophilic dyes) and cysteine residues

and thiol groups on cell membranes (in the case of bio-maleimide)3*°3¢°

1.5.2 Isolation and detection of EVs

Several isolation techniques have been developed to purify EVs from non-vesicular components such
as cell debris, protein aggregates, as well as to separate EV subgroups from each other. Separation
techniques are based on EV characteristics such as by size, density surface proteins, sugar, lipid
composition or charge®®, and these techniques include filtration, differential centrifugation, density

gradient, precipitation and immunoaffinity>®’

. As each technique carries its own limitation, there is no
single isolation technique available to date that could isolate EVs with high yield and purity, but a

combination of several techniques is often required to improve the yield and purity of EV preparation.

Several technologies have been utilised for detection and quantification of EVs, based on individual
particle number and size, or quantification of crude EV content such as protein or lipid. Quantification
based on particle number, employs technologies such as flow cytometry, nanoparticle tracking
analysis, dynamic light scattering and resistive pulse sensing. Flow cytometry is the most preferable
technique used to detect and quantify EVs, as it allows precise enumeration and characterisation of
EVs based on surface marker expression and size. However, as smaller EVs fall below the size
threshold of standard flow cytometer, high resolution flow cytometry is the most preferable®®?, though
this newer technology is costly and is often not readily available in every laboratory setting. There is
thus an ongoing effort in the optimisation and standardisation of standard flow cytometry platforms to
facilitate EVs research®:. Morphology and purity of EVs can also be visualised by electron

microscopy, atomic force microscopy, fluorescence and confocal microscopy.

1.5.3 MV production
Disease-state related EVs (biomarkers and propagator) has largely been attributed to MVs with a

more defined cell source/origin, rather than exosomes, thus MV production during health and disease

63



is of major interest. MVs are produced by most, if not all, cell types including vascular cells (endothelial
and vascular smooth muscle cells), blood components (leukocytes, erythrocytes, platelets),
cardiomyocytes, podocytes and cancer cells®**. Depending on the cell source location, MVs produced
can be release into all bodily fluids including the circulating blood, lymph, cerebrospinal fluid, amniotic
fluid, urine, saliva and others. Similar to the production of soluble mediators, the production of MVs
from immune cells can be activated upon encounter of various stimuli including PAMPs, DAMPs,
cytokines, chemokines, lipid mediators, complement, ROS, hormones, fatty acids, as well as
increased intracellular calcium®. Several stimuli have been identified in the production of MVs,
largely from in vitro studies. Physiological stimuli in MV generation/production are typical to the cell

type and function¢6-3¢°

, €.9. platelets release MVs in response coagulation factors (thrombin, ADP,
collagen), neutrophils in response to inflammatory cytokines and chemoattractants (TNF-a, fMLP,
CXCL8) and monocytes in response to ATP and LPS. Chemical agonists are also used in in vitro

studies, primarily the calcium ionophore A23187, but also phorbol myristate acetate (PMA), a protein

kinase C activator.

1.5.4 MVs in intercellular communication

Intercellular communication is known to occur via two main mechanisms: 1) soluble mediators
released from cells and binding to the same cell (autocrine), or to other cells locally (paracrine) or
remotely via fluids (endocrine), and 2) cell-to cell-contact (juxtracrine). It is now increasingly clear that
MVs provide a third pathway of intercellular communication by carrying bioactive mediators such as
membrane receptors and adhesion molecules, cytokines, chemokines, enzymes, eicosanoids and
RNAs. In contrast to soluble mediator, the membrane-bound and lipid-encapsulated forms of these
mediators carried by MVs offer additional advantage of molecular stability, allowing them to signal
over long distances in an endocrine fashion. The content of MVs are derived from the parental cell,
therefore each MV subtype carries content typical to their respective precursor cells, with the potential

for modification of content depending on factors such as cell-activating stimulus®’°.

In sepsis/SIRS, MVs produced by vascular cells such as monocyte, neutrophils, platelet, endothelial

cells and erythrocytes found in the circulating blood, and the bioactive mediators of which are of major
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interest as biomarkers and potential propagators of systemic inflammation®". Multiple and distinct
molecules have been attributed to vascular cell-derived MVs, reviewed in brief here. Monocyte MVs

can initiate extrinsic coagulation cascade via tissue factor (TF)*"2

and were found to carry pro-
inflammatory cytokines TNF-a and IL-1B%°"%"%. Neutrophil MVs can carry cytotoxic mediators such as
ROS, leukotriene, and various neutrophil enzymes including MPO, elastase, proteinase 3 and matrix
metalloproteinases (MMPs)*'’=3®'_ Platelet MVs are mainly involved in the regulation of coagulation
via expression of procoagulant phospholipid PS, factor X, and prothrombin®®?-3%_ Endothelial MVs
mainly carry markers of endothelial activation such as ICAM-1, VCAM-1, E-selectin, vWF, bioactive
enzymes such as MMP-2, MMP-9 and endothelial protein C receptor known involved in
coagulation®®"%_ Erythrocyte MVs were mainly shown to be released during ex vivo storage of
erythrocytes and carry procoagulant activity via expression of PS*'%%2 However, these findings are
largely derived from in vitro studies, and the molecular content of MVs derived from each cell type

may differ significantly depending on the nature of the stimulation upon cell activation, subsequently

affecting their interaction with target cells and its associated outcome.

1.5.5 Biodistribution, clearance and uptake of MVs

In a post-ISEV workshop survey in 2018, experts have agreed strongly on the statement that, as |
quote, “most cell types, sooner or later, internalise at least a proportion of stained EVs, seemingly
regardless of the cell of origin”, with many agreed on the common mechanism of MVs interaction with
cells via endosomal uptake and acidification®®. In brief, MV uptake by target recipient cells were found
to involve a variety of endocytic pathways including phagocytosis, micropinocytosis, caveolin-
mediated uptake or clathrin-dependent or independent endocytosis, as reviewed by Mulcahy et al®**.
MVs can also interact with target cells via membrane fusion and induce surface receptor activation
by contact®”’. In addition, factors of the microenvironmental conditions such as pH appear to modulate
MV interactions with target cells, such that the acidic environment at the site of ischaemic reperfusion

injury could facilitate fusion of MVs with recipient cells®*®

. Overall, the way in which MVs interact with
target cell may significantly affect the associated outcome, as the delivery of different bioactive
cargoes to their recipient cell depends largely on whether they are endocytosed by, fused with, or

presented/lysed on the outside of the target cell*®.
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The in vivo activity of MVs is determined by their target cell/tissue interactions. /n vivo trafficking
studies involving injection of in vitro-labelled MVs, indicated that the liver and spleen are major organs
for MV uptake under resting conditions®**—%°. Organ-resident macrophages appeared to be primarily
responsible for uptake of MV from the blood and were shown to be very efficient, with MVs shown to
be removed rapidly from the circulation within 10min of injection®¥74%°. However, the majority of in vivo
trafficking studies with injected EVs in small rodents are focused on the targeted therapeutics/drug

401,402

delivery , utilising either MSCs-derived, or drug-loaded engineered exosomes, in normal
recipients or in cancer models for therapeutic purposes*®*"". Therefore, little is known of the fate of
endogenously produced, circulating MVs during systemic inflammation or organ injury. Regarding EV
uptake in the lungs, it was found that the lung is not a major site of EV uptake under normal conditions
in mice®’, though there is some evidence that it is a significant target for instance in lung tumour
exosome homing or uptake of platelet MVs by endothelial cells®*®. However, in sheep and pigs, the
lung-resident PIMs were shown to play a major role in clearance of systemically-injected tracer
particles*'?. In animals without PIMs, lung-marginated monocytes were also found to exhibit enhanced
phagocytic capacity?”®. Therefore, the contribution of these lung-marginated monocytes to the

development of lung injury could potentially be attributed to their enhanced phagocytic uptake or

interaction with disease-propagating MVs from the circulation during inflammation.

As described above, PS is a ubiquitous membrane phospholipid, which when newly exposed on the
cell surface plays a crucial role in initiating the engulfment of PS-expressing apoptotic cells by

phagocytes such as monocytes and macrophages*'

. Concurrently, PS recognition was shown to also
play a major role in MV uptake by mononuclear phagocytes via various PS receptors including Del-1,
MFG-E8/lactadherin, integrin, TIM4, Gas6%%4'*“*'%_ However, more specific MV-cell recognition
mechanism involving adhesion molecules could also play a critical role, particularly where PS

expression is low on MVs, or during inflammation when adhesion molecule expression is upregulated

on vascular cells, including myeloid leukocytes and the vascular endothelium.
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1.5.6 MVs in sepsis/SIRS and the development of ALI/ARDS

Despite substantive advances in our understanding of MVs in the last decade, there are still a large
number of major unanswered questions in the field of MVs research®. In particular, definite proofs
of how MVs alter cell physiology using in vivo systems are scarce, and hence it is unclear whether
disease-associated MVs are merely a cell activation by-product and convenient biomarker, or they
play an active role in disease pathogenesis, or both®*®°. Several clinical studies have measured the
level of plasma MVs, often in an effort to characterise their potential as biomarker in sepsis, reviewed
by Raeven et al.>"'. Elevated levels of platelet-, granulocyte-, and endothelial-derived MVs were first
reported in patients with meningococcal sepsis*?°. Since then, amongst the relatively large number of

clinical studies measuring level of circulating MVs in septic patients, MVs derived from platelets**'~

380,425-428 429-431

424 leukocytes and endothelial cells , were most commonly detected. In another study
where a comprehensive panel of MV cell sources were investigated in septic patients, increased level
of circulating MVs across all MV subtypes was observed, including platelet- (CD41a+), endothelial-
(CD31+ CD41a-), erythrocyte- (CD235a+), leukocyte- (CD45+), neutrophil- (CD66b+), monocyte-

(CD14+), T cell- (CD3+) and B cell-derived (CD19+)**2,

However, the heterogeneous nature of septic patients renders inconsistency in the findings of MVs
and its association with clinical outcomes. Of the vascular MV subtypes evaluated, endothelial-
derived MVs appear to be consistent in showing a relationship with vascular dysfunction in sepsis.
Indeed, it was demonstrated recently that the increased level of endothelial-derived, ACE-positive

431

MVs serve as an predictor of ARDS development in septic patients®™'. Our group has recently

demonstrated that neutrophil-MVs are markedly elevated in the plasma of both sepsis and burns
patients, and the acute levels were highly correlated with clinical severity/mortality in patients with

427 Others have also reported that neutrophil-derived MVs are associated with

severe burns injury
mortality in critically-ill patients admitted to ICU®"’. In contrast, among studies where MVs were found
to be elevated in clinical studies on sepsis or ARDS patients, an inverse correlation were consistently

found between circulating MV levels with organ dysfunction, disease severity or mortality**>=*%'
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Despite recognised role of MV in transcellular exchange of messages and their increased level were
observed in septic patients, functional data derived from patient plasma MVs are scarce, most of
which focussed solely on their pro-coagulation activity. MVs from patients with meningococcal sepsis

420421 \whereas

were shown to have procoagulant activity via thrombin generation in vivo and in vitro
in a human endotoxaemia model, TF+ monocyte-derived MVs were also shown to carry procoagulant
activity*®®. In another study, MVs (mainly platelet-derived) from septic patients were shown to induce
apoptosis on vascular endothelial cells in vitro via NADPH oxidase activity**°. In animal studies, when
MVs (mainly leukocyte-derived) obtained from septic rats that underwent CLP were infused into naive
recipient rats, it induced systemic vasodilation via increased INOS expression and NO
overproduction**’. Conversely, MVs from patients with septic shock, mainly platelet- and endothelial-
derived, exerted protective effects in mice by enhancing vascular reactivity in aorta of LPS-treated
mice via thromboxane A, but not NO overproduction*”®. In another study, intratracheal and
intravenous administration of MVs isolated from blood of intratracheal LPS-treated rats (mainly
leukocyte- and endothelial-derived) were shown to induce lung injury in naive recipient rats, where

441

neutrophils infiltration was observed via lung histology™'. Although systemic administration of in vitro-

391442 and human endothelial cells*4*#** have also been shown to

generated MVs from erythrocytes
produce some features of indirect ALl in mice in vivo, it remains unclear whether in vitro generated
MVs are representative of the in vivo endogenously produced MVs, as MV phenotype (content, mode

of uptake and signalling outcome) may differ significantly according to the nature of the stimulation in

which they were produced in, as described above.
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1.6 Hypothesis

Our laboratory has recently begun investigating the in vivo trafficking of circulating MVs, addressing
the effects of systemic inflammation on MV uptake within the pulmonary vasculature. We
demonstrated that under resting conditions, MVs were predominantly cleared by liver Kupffer cells,
and to lesser degree by liver endothelial cells. During LPS-induced subclinical endotoxaemia, Ly6C"e"
monocytes show a several-fold increase in MV uptake, which together with their increased
margination in pulmonary vasculature equated to a substantially increased clearance by the lungs.
These results suggested the uptake of MVs by the pulmonary-marginated Ly6C"" monocyte during
subclinical endotoxaemia could play a critical role in sepsis-related pulmonary vascular inflammation

and indirect ALI.

Therefore, | hypothesised that MV uptake in the pulmonary vasculature would play a crucial role in
the propagation of systemic inflammation or remote organ injury to the lung, leading to the
development of indirect ALI. To address this question, the strategy was first to evaluate the uptake
mechanism of in vitro generated MVs by lung-marginated monocytes and then to explore the potential
roles of in vivo generated MVs in mouse models of sepsis and organ injury. As we had recently
demonstrated an association between the acute increases in neutrophil- and monocyte-derived MVs
with clinical severity/mortality in ICU-admitted severe burns injury patients*?’, | further hypothesised

these MV subtypes may drive pulmonary inflammation and injury during sepsis/SIRS.
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1.7 Aims & objectives
The aim of this project is to assess the role of MVs as mediator of acute pulmonary vascular
inflammation in sepsis/SIRS-induced ALI, with three central objectives:
1. To determine MV uptake by pulmonary vascular cells using in vitro and ex vivo models.
2. To determine MV production in in vivo models of systemic inflammation and extrapulmonary
organ injury.
3. To identify the contribution of in vivo-derived circulating MVs and lung-marginated monocytes

to the pathogenesis of indirect ALLI.
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Chapter 2

Materials & Methods
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Chapter 2 Materials & methods

2.1 Materials

Table 2.1 Equipment

Equipment Applications Supplier

CyAn ADP analyser Flow cytometry Beckman-Coulter

EL,800 microplate ELISA Biotek instruments
colourimetric reader

FLx800 microplate MV DiD-fluorescence Biotek instruments
fluorescence reader quantification

Accument pH tester (AET 15) | IPL buffer pH measurement Fisher Scientific

IPL-1 system IPL perfusion Harvard Apparatus
Custom-made ventilator IPL ventilation Harvard Apparatus
Physiosuite Righttemp Kidney IRI procedure Kent Scientific Cooperation
Tissue dissociator Mechanical tissue dissociation GentleMACS, Miltenyi Biotec
Dissociation tubes (C or M) Mechanical tissue dissociation GentleMACS, Miltenyi Biotec

Table 2.2 Software

Software Applications Supplier

F1JI Confocal image analysis ImageJ

Summit Flow cytometry data acquisition Beckman-Coulter
FlowJo 10.5.3 Flow cytometry analysis FlowJo

Labchart reader Physiology data analysis AD instruments
Powerlab Physiology data acquisition AD instruments

SPSS statistics Statistical analysis IBM

Graphpad Prism Statistical analysis GraphPad software LLC

Table 2.3 In-house buffer

In-house buffers Applications Constituents
FACS wash buffer Flow cytometry e 1xPBS
o 2% (v/v) Foetal calf serum (FCS)
e 0.1% (w/v) Sodium Azide
e 5mMEDTA
IPL perfusate IPL perfusion ¢ RPMI-1640
e 100Units penicillin+10ug/ml streptomycin
e 4% (viv) BSA
e 136.2mM NacCl (0.98g per 500ml)
e 28.8mM NaHCOs3 (0.21g per 500ml)
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Table 2.4 Reagents, buffers & pharmacological agents

Inhibitors/Reagents Applications Supplier
Heparin sodium Blood anticoagulant Wockhardt
Intracellular (IC) fixative buffer Cells/tissue fixation Invitrogen

Lipopolysaccharide (LPS)
(Ultrapure Escherichia coli 0O111:B4)

In vivo studies

Autogen Bioclear

RPMI media (No phenol red) IPL buffer ThermoFisher Scientific
Bovine Serum Albumin IPL buffer additive Sigma Aldrich

(80% (v/v), sterile-filtered)

Sodium Bicarbonate IPL buffer additive Sigma Aldrich

Sodium Chloride IPL buffer additive Sigma Aldrich

DMEM media J774A.1 cell culture Sigma Aldrich
Clodronate liposome Macrophage depletion FormuMax Scientific Inc.
Penicillin-streptomycin Media antibiotics Sigma Aldrich

Annexin V binding buffer MV labelling Biolegend

DiD dye MV labelling Life technologies
Diluent C MV labelling Sigma Aldrich
Antimycin A MV uptake inhibition Sigma Aldrich
Chondroitin sulfate (C-S) MV uptake inhibition Sigma Aldrich
Cytochalasin D MV uptake inhibition Sigma Aldrich

Dextran Sulfate(D-S) MV uptake inhibition Sigma Aldrich
Dynasore MV uptake inhibition Sigma Aldrich

Phosphatidylcholine (PC)-liposomes

MV uptake inhibition

Encapsula NanoSciences

Phosphatidylserine (PS)-liposomes

MV uptake inhibition

Encapsula NanoSciences

Polycytidylic acid (Poly-I) MV uptake inhibition Sigma Aldrich
Polyinosinic acid (Poly-C) MV uptake inhibition Sigma Aldrich
RGDS peptide MV uptake inhibition Sigma Aldrich
RGES peptide MV uptake inhibition Sigma Aldrich
Sodium Azide (NaNs) MV uptake inhibition Alfa Aesar

Sodium Fluoride (NaF) MV uptake inhibition Sigma Aldrich

BD Phosflow Lyse/Fix buffer

RBC lysis

BD Biosciences
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Table 2.5 Mouse antibodies

Antibodies Conjugate Clone Supplier
ICAM-2 AlexaFluor 488 3C4 eBioscience
Streptavidin AlexaFluor 488 - Biolegend
Annexin V FITC - Biolegend
F4/80 FITC BMS8 Biolegend
Anti-integrin Bs PE KN52 eBioscience
CD106 PE 105713 Biolegend
CD11b PE M1/70 Biolegend
CD162 PE 2PH1 BD Bioscience
CD204 PE REA148 Miltenyi

CD31 PE MEC13.3 Biolegend
CD45 PE 30-F11 eBioscience
CD45 PE 30-F11 eBioscience
CD51 PE RMV-7 Biolegend
CD61 PE 2C9.G2 (HMBs-1) Biolegend
CD62E PE 10E9.6 BD Bioscience
CD62L PE MEL-14 Biolegend
CD86 PE GL1 eBioscience
E-selectin PE 10E9.6 BD Bioscience
ICAM-1 PE YN1/1.7.4 Biolegend
Ly-6G PE 1A8 BD Bioscience
MerTK PE 2B10C42 Biolegend
TER-119 PE TER-119 Biolegend
TIM-4 PE RMT4 Biolegend
MHC-2 PerCP M5/114.15.2 Biolegend
CD11b PE-CF594 M1/70 BD Bioscience
CD41 PE-Cy7 MWReg30 Biolegend
Ly-6C PE-Cy7 HK1.4 Biolegend
CD31 APC MEC13.3 Biolegend
CD36 APC HM36 Biolegend
VCAM-1 APC 429 Biolegend
Ly-6G APC-Cy7 1A8 Biolegend
CD11b Biotin M1/70 Biolegend
CD31 Biotin MEC13.3 Biolegend
CD41 Biotin MWReg30 Biolegend
CD45 Biotin 30-F11 Biolegend
F4/80 Biotin BM8 Biolegend
Ly-6C Biotin HK1.4 Biolegend
Ly-6G Biotin 1A8 Biolegend
TER-119 Biotin TER-119 Biolegend

Anti MFG-E8 Hamster IgG D161-3 MBL CO. LTD
Anti-CD162 Unconjugated 4RA10 BD Bioscience
Anti-CD62L Unconjugated MEL-14 eBioscience
Purified CD16/32 Unconjugated 93 Biolegend

74



2.2 Animals

All protocols were reviewed and approved by the U.K. Home Office in accordance with the Animals
(Scientific Procedures) Act 1986, U.K. Experiments were performed using male C57BL/6 mice
(Charles River) ages 8-12 weeks (22—-26 g) under project licences PPL70/7585 & P8E434E5B for
sepsis and isolated perfused lung models and PPL70/8496 for kidney ischaemia reperfusion injury
model. All procedures were performed under personal licence ICDB43F39. All animals were kept in

12:12h light-dark cycle with access to food and water ad libitum.

2.3 Induction of subclinical endotoxaemia

LPS challenge doses were based on a previous study in monocyte margination and priming of the
lungs to secondary challenges'®’. To produce subclinical endotoxaemia and lung priming, C57BL/6
mice received a single intravenous (i.v., via tail vein) injection of 20ng LPS for 2 hours. After 2 hours,
mice were euthanized via anaesthetic overdose and femoral artery exsanguination for collection of

pulmonary vascular-marginated cells, or mice were anaesthetised for the IPL procedure.

2.4 Induction of endotoxaemia for in vivo production of MVs

A moderate dose of 2ug LPS/mouse was administered i.v. via tail vein to produce endotoxaemia with
only mild or undetectable clinical symptoms (e.g. huddling, prolonged inactivity). Animals were
anaesthetised with intraperitoneal (i.p.) xylazine (13mg/kg) & ketamine (130mg/kg) at set time points
(1, 2 or 4h) post-LPS challenge. Abdominal laparotomy was conducted to expose inferior vena cava
(IVC) and the animal was sacrificed via exsanguination, where 20Ul heparin was injected via the IVC

to circulate for 1min and 1ml of venous blood was collected in a syringe with 23G needle.

2.5 Kidney ischaemia reperfusion injury (IRlI)

Mouse core temperature was stabilised to 37°C on warming pad (PhysioSuite, Kent Scientific
Corporation) with a feedback rectal probe during induction of general anaesthesia with i.p. xylazine
(13mg/kg) & ketamine (130mg/kg). Sterile, pre-warmed saline (200ul) was injected subcutaneously

above neck to replace body fluids lost during surgery. Abdominal laparotomy was conducted to
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expose the left kidney. The surrounding connective tissue of the left renal artery and vein were bluntly
separated from the left renal blood vessels and blood supply was occluded using a non-traumatic
vascular clamp (S&T ZV vascular clamp size B-2, Fine Science Tools) with clip applying forceps (S&T
CAF-4, Fine Science Tools) to induce unilateral renal ischaemia. Unilateral left kidney ischaemia was
induced for 20-45min, depending on experiment. Occlusion of blood flow was confirmed by
visualisation of renal cyanosis, after which the abdomen was temporarily closed with a pre-warmed
sterile gauze during ischaemia induction period. After the ischaemic period, the kidney was reperfused
for 1h by visualisation of cyanosis disappearance (colour of kidney changes from dark red/purple to
bright red/pink). Sham-operated control mice underwent anaesthesia and abdominal laparotomy
without the application of the kidney ischaemia vascular clamp. The animal was sacrificed via
exsanguination, where 20Ul heparin was injected via the IVC to circulate for 1min and 1ml of venous
blood was collected in a syringe with 23G needle. The blood, both kidneys and the lungs were

harvested for further processing.

2.6 Harvest of pulmonary-marginated vascular cells

Lung-marginated cells were collected by ex vivo perfusion of pulmonary vessels via the pulmonary
artery for analysis and in vitro experimentation. At 2h post-induction of subclinical endotoxaemia, mice
were sacrificed via anaesthetics overdose with i.p. pentobarbitone. Mice were thoracotomised to
expose the chest cavity and 20IU of heparin was injected into the right ventricle, followed by
cannulation of the pulmonary artery and left atrium. Once the cannulations were established, mice
were tracheotomised, and lungs were inflated with 15ml/kg body weight of air to maintain optimal
opening of pulmonary microvasculature for perfusion. The lungs were perfused with Hank's Balanced
Salt Solution (HBSS without calcium and magnesium) supplemented with 4% (v/v) clinical-grade
human albumin solution (HAS) using a syringe pump at 10ml/h, gradually increased to a constant
flow of 50ml/h over 12min when the lungs became a translucent white. A total of 10ml perfusate was
collected on ice and centrifuged at 300 x g for 10min and the resulting cell pellet was washed in HBSS
(+Ca**/Mg**) to restore calcium and then re-suspended in 0.5% (v/v) HAS-HBSS and

penicillin(100Units/ml)-streptomycin(10ug/ml) for in vitro experimentation.
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2.7 Exvivo isolated perfused lungs (IPL)

2.7.1 IPL buffer osmolality & pH

For ex vivo organ perfusion, especially the lung, higher osmolality of buffer is needed to maintain
normal physiology. As organs are usually perfused with whole blood which contains much higher
osmolality and experience higher osmotic pressure, it is important to adjust the osmolality of perfusion
buffer to match to that of in vivo. Osmolality of the basal RPMI-1640 buffer was adjusted from the
commonly used 300mOsm/kg®'®#4°4¢ to around 350mOsm/kg*'® to match the blood osmolality of
mice, which falls in the range of 300-350mOsm/kg**’ depending mouse strains. RPMI-1640 basal
media contains nutrients, vitamins and other inorganic salts including 103.44mM (6000mg/L) sodium
chloride that makes up osmolality of around 276mOsm/kg. An additional of 1900mg/L sodium chloride
and 420mg/L sodium bicarbonate were added to the basal medium to adjust osmolality to
350mOsm/kg and pH 7.4*® (Table 2.6). After all additional components were dissolved in the pre-
warmed (37 °C) bottle of 500ml media, the media was sterile-filtered with 0.22um syringe filter unit

(Merck, Millipore), supplemented with penicillin(100Units)-streptomycin(10ug/ml) and stored at 4°C

for further use (see Table 2.3 for ingredients).

Mass (g) Molecular mg/L mmol/lL  mOsm/kg

added per weight

500ml
RPMI-1640 276.0
NaCl 0.95 58 1900 32.76 65.5
NaHCO; 0.21 84 420 5.00 10.0
Final + 351.5

Table 2.6 IPL buffer osmolality and pH adjustment.

To adjust osmolality of IPL buffer from basic basal media to physiological range of 3560mQOsm/kg and
to maintain physiological pH of 7.4 during IPL procedure when lung is ventilated with 5%CO,, 0.95g
of sodium chloride (NaCl) and 0.21g of sodium bicarbonate (NaHCQ3) is added to a bottle of 500ml
RPMI-1640 media, supplemented with 5ml penicillin (100Units)-streptomycin (10ug/ml).

Y*** or human albumin solution

In replacement of the low-endotoxin bovine serum albumin (BSA
(HAS)"** previously used in our lab, the use of sterile-grade BSA in perfusion buffer has greatly
enhanced the lifetime of our IPL preparation. Prior to IPL set up for experimentation, 15ml of 4% (v/v)

BSA-RPMI was prepared in a 50ml conical tube and left in a 37°C 5% CO. incubator overnight with
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loosened lid to restore the acid-base buffering equilibrium (Equation 1). Similarly, to maintain

physiological pH 7.4 of buffer during experimentation, the IPL was ventilated with 5% CO-.

NaHC03 + H,0 & Na0H+H2C03 < NaOH + H20+602(g)

Equation 1 Acid base equilibrium equation for IPL perfusate buffer.

2.7.2 IPL maintenance and sterility

Running the IPL system under sterile and endotoxin-free conditions is essential, particularly for
evaluation of sterile inflammatory insults. Therefore, an optimal cleaning routine of the circuit tubing
and connectors was established in this study. After each experiment, all perfusate buffers were
drained and tubing was first filled with sterile grade water to rinse out all remaining buffer. After which,
water was drained, and tubing was filled with high quality detergent (Mucasol™, 10% (v/v), Thermo
Fisher Scientific, U.K.) overnight. The next day, the circuit was drained, and tubing rinsed several
times with sterile grade double-distilled water. Before experimentation, tubing was last washed with
sterile PBS supplemented with penicillin(100Units)-streptomycin(10ug/ml) and then replaced with

perfusate buffer, also containing these antibiotics (see below).

2.7.3 IPL mounting and experimentation

LPS-treated (20ng, i.v., 2h) or untreated C57BL/6 mice were anaesthetised with intraperitoneal (i.p.)
xylazine (13mg/kg) & ketamine (130mg/kg). Anaesthesia was confirmed by loss of reflex by toe pinch
and the mouse was injected with 20l1U of heparin i.v. via tail vein. Tracheostomy was carried out and
lungs were given two sustained inflation breaths (5s, 25cmH20) and ventilation was commenced at a
tidal volume of 6-7ml/kg, at respiratory rate of 80 breaths/min, positive end expiratory pressure
(PEEP) of 5cmH-0, with 21% FiO.. Abdominal laparotomy was carried out in the IPL chamber and
the mouse was then exsanguinated via the IVC. The sub-hepatic portion of lower abdomen was
removed, and the upper body remain was rinsed with sterile saline. Lungs were maintained at
continuous positive airway pressure (CPAP) of 5cmH.O to prevent accidental injury during
thoracotomy and ventilation gas was switched from 21% FiO,; to 5%C02/21%0, to ensure

normocapnia.
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Midline thoracotomy was performed, and the pulmonary artery and left atrium were cannulated. Using
the perfusate buffer prepared as described above, perfusion was initially commenced via an open
circuit (non-recirculating) at a rate of 0.1ml/min and gradually increased to 25ml/kg/min (=0.625ml/min
for a 25g mouse), during which 3ml of perfusate containing non-adherent blood cells was flushed out
via point A sampling port (Figure 2.1). Perfusion was then switched from a non-recirculating to
recirculating circuit, and the preparation allowed to stabilise for 15min at 25ml/kg/min perfusion flow
rate before experimentation. To maintain humidity in the IPL chamber and prevent lung tissue drying,
3ml of sterile saline was added to the bottom of chamber without direct contact with the lung
preparation and a cover lid placed on the chamber throughout the experimentation period. At 15min
intervals, the respiratory and vascular mechanics of the IPL preparation were measured using an end
inspiratory pause technique and 25cmH,O deep inflation was applied twice for 5 seconds to recruit
the lung, preventing atelectasis. These respiratory parameters remained stable throughout the
timeframe investigated (up to 4h), regardless of the treatments used. At the end of experimentation,

different lobes of lungs were collected and processed for analysis (Figure 2.8).
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Figure 2.1 Isolated perfused lung (IPL) perfusion circuit.

Open, non-recirculating circuit (Blue) and closed, recirculating circuit (Red). During washing steps,
solutions were filled into and disposed-off via the non-recirculating circuit. During experimentation,
IPL buffer was filled via the non-recirculating circuit and subsequently closed off via the recirculating

circuit for experimentation up to 4h. (Adapted from Dr. Kate Tatham’s PhD thesis)

79



2.7.4 IPL respiratory and vascular mechanics

When the perfusion flow stabilised at 25ml/kg/min, pulmonary arterial pressure (PAP) recorded by
pressure transducers (PowerLab, AD instruments) fell within the range of 4-8mmHg for both untreated
and LPS-pretreated mice (Figure 2.2). Left atrial pressure (LAP) was maintained at 2.5mmHg by
altering the reservoir positioning throughout the perfusion period (Figure 2.3), enabling maintenance
of optimum blood flow within pulmonary capillaries during perfusion. Pulmonary vascular resistance
(PVR) was calculated as the difference between PAP and LAP, as a reversed function of perfusion

flow rate (ml/min) (Equation 2).

PAP

g
(
/

Figure 2.2 Pulmonary arterial pressure (PAP).

LAP

¢« » mmHg <
(3% )

pauses

Figure 2.3 Left atrial pressure (LAP).

PAP (mmHg) — LAP (mmHg)
Perfusion flow rate (ml min=1)

PVR (mmHg minml™1) =

Equation 2 Calculation for pulmonary vascular resistance.
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Respiratory mechanics were recorded automatically (PowerLab, AD instruments) during inspiratory
pauses at 15min intervals before and after lung recruitment (two sustained inflation breaths for 5
seconds at 25 cmH;0). To calculate lung respiratory mechanics, including respiratory elastance (Ers)
(Equation 3) and resistance (Rrs) (Equation 4), mean of each measurement were calculated from 3
different data points during inspiratory pauses (Figure 2.4, highlighted in yellow box). Measurements
taken included airway pressures: peak inspiratory pressure (PIP), plateau airway pressure (Pplat),
end expiratory airway pressure (PEEP) (Figure 2.5), and airway flow: tidal volume (V1) (Figure 2.6)

and steady-state airway flow, (Qaw) (Figure 2.7).

Pyiae(cmH,0) — PEEP (cmH,0)
Vi (mlkg™1)

Ers (cmH,0 kg ml™1) =

Equation 3 Calculation for respiratory elastance.

PIP (CmHzo) - Pplat (CmHzo)
Qaw ((ml sec™)

Rrs (cmH,0 ml sec™) =

Equation 4 Calculation for respiratory resistance.

Inspiratory pauses (x3)
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Figure 2.4 Inspiratory pauses to identify airway pressure (blue trace) and airway flow (orange

trace).
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Peak inspiratory pressure (PIP)

Plateau airway pressure (Pplat)

Paw (cmh20)

End expiratory airway pressure (PEEP)
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Figure 2.5 Airway pressure trace during an inspiratory pause.
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Figure 2.6 Tidal volume (V) highlighted, during an inspiratory pause.
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Figure 2.7 Steady-state airway flow (Qaw), highlighted, during an inspiratory pause.
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2.7.5 IPL perfusate sampling and processing

At the end of the IPL run, the total circuit perfusate (~2.5ml) was collected via Point A sampling port
(Figure 2.1). The perfusate was then centrifuged at 300 x g for 10min at 4°C to sediment cells, followed
by 20,000 x g for 30min to remove MVs and any cell debris. Supernatant was aliquoted and stored at

-80°C for future analysis by Enzyme-Linked Immunosorbent Assay (ELISA).

2.7.6 IPL bronchoalveolar lavage fluid (BALF) sampling and processing

After perfusate collection, perfusion and ventilation was ceased and a silk 2/0 suture was placed
around the lower right lobe and tied off at the hilum. 0.65ml of saline was slowly injected into the lung
via the tracheal tube and lung was lavaged gently for 3 times. Resulting BALF was collected and
centrifuged at 300 x g for 10min to remove alveolar cells and the supernatant aliquoted and stored at

-80°C for future protein quantification by Qubit assay or cytokines analysis by ELISA.

2.7.7 Lung injury measurement by wet-to-dry weight ratio
The tied-off right lower lobe was lightly blotted on tissue and weighed immediately for wet weight.
After which, it was placed in a 60°C oven overnight (24h). Dry weight of the lung was measured the

next day for wet-to-dry weight ratio analysis as a lung injury indicator.

2.7.8 Snap freezing lung tissue
Following bronchoalveolar lavage, the left lung was snap frozen in a microcentrifuge tube submerged
in pre-chilled 2-methylbutane on dry ice. The snap frozen lung was stored at -80°C for future protein

analysis by western blot.

2.7.9 Preparation of single cell suspension
The left lung was excised and process directly or after brief storage on ice. Single cells suspensions
were prepared by mechanical disaggregation and fixation, or enzymatic digestion, as described below

(2.9.1).
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Bronchoalveolar lavaged
for protein quantification

Trachea

Left bronchus
Snap frozen —

Inferior
lobe

Tied off at red-dotted line
for wet:dry weight ratio

Single-cell suspension
for flow cytometry

Figure 2.8 Lung sample collection for analysis.

After IPL experimentation, the right lower lobe was tied off for wet-to-dry weight ratio analysis, and

the remaining lung was lavaged with 0.65ml saline for collection of BALF. The left lung was processed

to form single cell suspension for flow cytometry analysis and the remaining right lung was snap frozen

for western blotting.
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2.8 Microvesicles (MVs)

2.8.1 In vitro MV production by J774A.1 macrophages

J774A.1 macrophage cell line (ATCC, UK) was maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Sigma-Aldrich, UK) supplemented with 10% (v/v) heat-inactivated foetal calf serum (FCS)
(Sigma-Aldrich, UK) and 1x penicillin-streptomycin-glutamine (PSG) (Gibco, UK), at 37°C in a
humidified 5% CO- incubator. Cells were seeded at a density of 6x10° cells in 6mm petri dishes and
maintained in medium overnight for adherence prior to experimentation. Adherent cells were rinsed
4x with PBS (-Ca*/Mg?*) to remove cellular debris and EVs. Cells were then stimulated with ATP
(3mM) in PBS (+Ca*/Mg**) for 30min to produce MVs through activation of the P2X; receptor®*°.
Following ATP treatment, cells and media were triturated gently, to ensure consistent recoveries and
centrifuged in fixed angle rotor at 300 x g for 10min to remove cells, followed by 20,000 x g for 15min

at 4°C to pellet MVs.

2.8.2 DiD-labelling of J774A.1 MVs and fluorescent quantification

DiD solid (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindodicarbocyanine, 4-Chlorobenzenesulfonate Salt)
(Life technologies, UK) was dissolved in ethanol to prepare a 1mM stock, from which an intermediate
stock of 30uM DiD was prepared in diluent C (Sigma, UK). MV pellet was resuspended in PBS and
incubated with final concentration of 5uM of DiD, at RT for 7min in dark. DiD-labelled MVs were
pelleted by centrifugation at 20,000 x g for 15min and re-suspended in 0.5% (v/v) HAS-HBSS. 10ul
of MVs were stained with fluorophore-conjugated anti-CD45 and/or anti-CD11b at 1 in 100 final
concentration in filtered PBS (with 0.22um syringe filter) for flow cytometric analysis and counts were

determined using counting beads (see section 2.9.3 on flow cytometry analysis).

For total DiD-labelled MV fluorescence measurement, DiD-labelled MVs were treated with final
concentration of 1% (v/v) Triton X-100 in PBS to enhance the fluorescence signal, which was
measured using fluorescent plate reader (Biotech FLx800) at 635nm and 680nm absorption and
emission wavelengths. MV dose was adjusted according to fluorescence reading depending on
experiments, based on a MVs dose-response curve and linear calibration of MVs fluorescence against

number of MVs, obtained at initial stage of experiments.

85



2.8.3 Plasma preparation for MV analysis

Blood was centrifuged at 1,000 x g for 10min to remove cells and majority of platelets and the plasma
supernatant was centrifuged for a further 5Smin at 1,000 x g to obtain platelet-poor plasma (PPP).
These centrifugation steps yielded high quality of PPP with minimal loss of MV content. MVs in PPP

were then processed for flow cytometry analysis and for experimentation.

2.8.4 Immuno-affinity isolation of in vivo MV subtypes

PPP was centrifuged at 20,000 x g for 30min to pellet MVs. MVs were resuspended in filtered PBS
and stained with the microbead-conjugated antibody/biotin-conjugated antibody at 1ul per 10° MVs
concentration for 30min on ice. For positive selection or depletion of a single MV population, MVs
were incubated either directly with conjugated microbeads (CD11b-microbeads for myeloid-MVs)
(Miltenyi Biotec) or biotinylated antibodies (CD41-Biotin for platelet-MVs) (Miltenyi Biotec) combined
with anti-biotin microbeads (Miltenyi Biotec). For depletion of other MV populations, MVs were
incubated with a mixed cocktail of pre-titrated biotinylated antibodies (anti-TER119 for RBC-, anti-
CD31 for endothelial-, anti-CD41 for platelet-, and anti-CD11b for myeloid-derived MVs) (Biolegend)

for 15min, followed by anti-biotin magnetic beads, for 30min on ice.

Labelled MVs were passed through a magnetised column, either the medium-size (MS) or large-size
(LS), depending on the amount of MVs: MS columns for less than 107 target MVs and LS columns for
more than 10’ target MVs. ‘Positively-selected’ bead-bound MVs were captured within the column
with the flow-through contained the ‘negatively-selected’ bead-free MV fraction. Column-bound
positively-selected MVs were eluted by removing the column from the magnet and flushed through
with filtered PBS for 3 times (3 x 1ml for MS, 3 x 3ml for LS). Eluted or flow-through fractions were
centrifuged at 20,000 x g for 30min and resuspended in either IPL buffer for experimentation or in

filtered PBS for flow cytometric analysis.
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2.9 Flow cytometry

2.9.1 Preparation of single-cell suspensions for flow cytometry analysis

Single cell suspensions were prepared from tissues (lung, kidney, spleen or liver) by mechanical
disaggregation using a gentleMACS™ Tissue Dissociator (Miltenyi Biotec) suspended in 2ml
formaldehyde fixative (Cellfix, eBioscience) in MACS C tubes, as described previously**°. After a brief
fixation period (1-5min — dependent on the procedure), fixation reaction was stopped via addition of
cold FACS Wash Buffer (FWB) (see Table 2.3 for ingredients). Cell suspensions were then passed
through a 40um nylon filter (BD Falcon) and dispersed further with a syringe plunger and flushed
through with FWB. The cell suspension was centrifuged at 400 x g for 10min at 4°C to obtain cell
pellet. To remove red blood cells in the single cell preparation, cell pellet was resuspended in 1-step
Fix/Lyse Solution (1X) (eBioscience, UK) for 1min and washed twice with FWB prior to antibody

staining. Cells were resuspended in 1ml FWB, from which 50ul were stained at 4°C for 30min in dark

with fluorophore-conjugated anti-mouse Abs (Table 2.7).

Myeloid leukocytes panel Endothelial cells panel
(Final conc.) (Final conc.)
FITC F4/80 (1/400) ICAM-2 (1/400)
PE ICAM-1/CD86/TNF/L-selectin (1/200) | ICAM-1/E-selectin (1/200)
PE-Texas Red | CD11b (1/400) CD31 (1/400)
PerCP MHC-2 (1/400) CD45(1/400)
PE-Cy7 Ly6C (1/400) CD41(1/400)
APC - VCAM-1(1/200)
APC-Cy7 Ly6G (1/400) -

Table 2.7 Fluorophores-conjugated anti-mouse antibody panel for single cell suspensions for

flow cytometry.

After antibodies staining, samples were washed and centrifuged at 400 x g for 5min at 4°C and
resuspended in FWB for flow cytometric analysis (CyAn™ ADP Analyser, Beckman Coulter). Data
were analysed with FlowJo software (Tree Star). Absolute cell counts in samples were assessed

using Accucheck counting beads (ThermoFisher Scientific, UK).
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2.9.2 Flow cytometry gating strategy for lung myeloid leukocytes and endothelial cells

Single cell suspension was prepared from IPL by mechanical disaggregation and fixation of lung
tissue. Singlet events were gated and lung endothelial cells were identified as CD45-, CD41-, ICAM2+
and CD31+ populations (Figure 2.9), whereas myeloid CD11b+ cell subpopulation were identified as:
Ly6C"e", F4/80+ monocytes; Ly6C™° F4/80- neutrophils; Ly6C°" F4/80+ cells were Ly6C™"
monocytes (MHCII-) and interstitial macrophages (MHCII+) (Figure 2.10).

Lung microvascular
endothelial cells
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Figure 2.9 Flow cytometry gating strategy of lung endothelial cells.

(A) Singlet events were identified by the linear correlation between FS Area and FS Lin. (B) leukocytes
and platelets identified as CD45+ and CD41+, respectively, were excluded. (C) Lung endothelial cells
were identified as CD45-, CD41-, ICAM-2+ and CD31+ population.
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Figure 2.10 Flow cytometry gating strategy of lung myeloid leukocytes.

(A) Singlet events were identified by the linear correlation between FS Area and FS Lin. (B) CD11b
was used to identify myeloid cells. (C) Ly6C"" monocytes were identified by their expression of F4/80
and high level of Ly6C. Neutrophils were identified by their lack of F4/80 expression but intermediate
Ly6C expression. (D) F4/80 positive, but low Ly6C population was further identified as MHCII positive,

interstitial macrophages or MHCII negative, Ly6C"" monocytes.
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2.9.3 Flow cytometry staining and analysis of MVs

For identification of MVs by flow cytometry, 3 separate criteria had to be satisfied: 1) size less than
1um; 2) positive for specific precursor cell surface markers; and 3) sensitivity to detergent lysis. MVs
were resuspended in 0.22um filtered PBS, from which 10ul samples were stained for 30min at 4°C in
dark with fluorophore-conjugated anti-mouse Abs at 1 in 100 concentrations. Fluorophores-
conjugated antibodies used for each MV preparations were as summarised in Table 2.8 (for in vitro-
derived J774A.1 MVs), Table 2.9 (for in vivo-derived kidney IRI MVs), and Table 2.10 (for in vivo-
derived endotoxaemia MVs). After antibody staining, MV samples were resuspended in 1ml filtered
PBS with 5ul AccuCheck 6um counting beads (Invitrogen, Paisley, UK) for MV quantification by flow
cytometry with side scatter trigger threshold, where the 1um gate was calibrated with fluorescent
sizing calibration beads (Sperotech, UK) (Figure 2.11). Where annexin V staining was carried out,

annexin V binding buffer (Biolegend, UK) was used in replacement of PBS.

Channel | Antibody
FITC Annexin V
PE CD45
APC DiD

Table 2.8 Fluorophore-conjugated anti-mouse antibody panel for identification of in vitro-
derived J774A.1 MVs.

Sample 1 2 3
Channel
FITC Annexin V
PE CD11b CD11b CD31
APC Ly6G Ly6C CD41

Table 2.9 Fluorophore-conjugated anti-mouse antibody panel for identification of in vivo-
derived kidney IRI MVs.

Sample 1 2 3 4
Channel
FITC Annexin V
PE CD11b CD11b CD31 TER119
PE-Cy7 CD45 Ly6C CD41 CD41
APC F4/80 Ly6G CD11b CD11b

Table 2.10 Fluorophore-conjugated anti-mouse antibody panel for identification of in vivo-

derived endotoxaemia MVs.
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Figure 2.11 Flow cytometry gating for MVs was determined by fluorescent sizing calibration

beads.
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2.10 Confocal microscopy

Cytospin poly-lysine slides (Sigma, UK) were prepared from pulmonary perfusate cell suspension by
sedimentation of a total of 5 x 10° cells (3.4.7). After cytospin, cells were mounted with ProLong™
Gold Antifade Mountant with DAPI (P36931, ThermoFisher Scientific, UK). Zeiss LSM-510 inverted
confocal microscope was used to observe the cells with/without immersion oil (10976, Sigma)
depending on objective lens magnification. Images were photographed with Zeiss KS-300 imaging

software and analysed using FIJI software.

2.11 Protein assays

2.11.1 Qubit protein assay for BALF protein quantification

Qubit working solution was prepared by diluting Qubit protein reagent 1 in 200 in Qubit protein buffer.
10ul of each pre-diluted Qubit protein reagent standards was prepared in 190ul Qubit working
solutions, whereas 1-20ul samples (depending on concentration) was diluted in Qubit working
solutions to make up a total of 200ul final volume. Prepared standard and samples were vortexed and
incubated in PCR tubes for 15min at RT, according to manufacturer’'s instructions. Protein
concentrations contained within each standard was read on Qubit fluorometer on “Protein Assay”
setting to calibrate standard curve, followed by reading of each samples to obtain final protein

concentration. Detection range of Qubit protein assay was 12.5ug/ml to 5mg/ml.

2.11.2 Bradford protein assay for western blot protein quantification

BSA standards were prepared in PBS at following concentrations with serial dilution: 2mg/ml, 1mg/ml,
0.5mg/ml, 0.25mg/ml, 0.125mg/ml, 0.0625mg/ml, 0.03125mg/ml and a blank. Standards and samples
(each at 5pl) were added in duplicate to a 96-well microplate and incubated with 250l of Coomassie
(Bradford) Protein Assay Reagent with continuous mixing on a plate shaker for 5min. The microplate
was then read at a wavelength of 595nm on EL.800 microplate colorimetric reader (Biotek
instruments). Sample protein concentrations were determined from the standard curve using Prism

software. Detection range of Bradford protein assay was 100ug/ml to 1.5mg/ml.

91



2.12 Enzyme-Linked Immunosorbent assay (ELISA)

Standard sandwich ELISAs (R&D systems — DuoSet ELISA) were conducted to measure IPL
perfusate cytokine concentrations. The capture antibody was diluted to recommended working
concentration with PBS according to manufacturer’s instructions. Maxisorp™ 96-well microplate
(ThermoFisher Scientific, UK) was coated with 50ul of capture antibody and the plate was sealed and
incubated overnight at 4°C. Each well was washed 3 times with wash buffer (0.05% (v/v) Tween-20
in PBS) and residual fluid was aspirated, and the plate blotted dry. The plate was blocked with 1%
(v/v) BSA for 1h at room temperature. Washing and aspiration steps described above was repeated,
followed by addition of 50ul of standards and samples to each well and incubated at RT for 2h.
Washing and aspiration steps were repeated and 50ul of biotinylated detection antibodies at
recommended working concentrations were added to each well for 2h at room temperature. Washing
and aspiration steps were repeated and 50ul of streptavidin-HRP was added to each well and was
incubated in dark for 20min. The plate was washed and aspirated again, followed by addition of 50l
substrate solution (tetramethylbenzidine) (Sigma-Aldrich, UK) to each well. The plate was again left
in the dark and at RT for 30min. 50ul of stop solution (2M sulphuric acid) was added to terminate
substrate reaction. Plate was gently swirled to ensure thorough mixing of solutions and the optical
density of each well was read at a wavelength of 450nm using ELx800 microplate colourimetric reader
(Biotek instruments). When ELISA kits were used (e.g., Endothelin-1 and Angiopoietin-2), procedures
were carried out according to manufacturer’s instructions. Detection range of standard sandwich

ELISAs were summarised in Table 2.11.
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Target Detection range

RAGE 125 — 8000pg/ml
KC 15.6 — 1000pg/ml
VEGF 15.6 — 1000pg/ml
IL-6 15.6 — 1000pg/ml
MIP-1a 7.81 — 500pg/mi
MIP-2 15.6 — 1000pg/ml
MCP-1 3.91 — 250pg/ml
TNF-a 31.2 —2000pg/ml
IL-18 15.6 — 1000pg/ml
ACE 93.8 — 6000pg/ml
IL-10 31.2 —2000pg/ml
TGF-B 31.2 — 2000pg/ml
RANTES 31.2 —2000pg/ml
GM-CSF 7.81 — 500pg/ml
Angiopoietin-2 39.1 — 2500pg/ml
Endothelin-1 0.4 — 25pg/ml

Table 2.11 ELISA detection range.
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2.13 Statistical analysis

All data underwent assessment of normality by Shapiro-Wilk test. Normally distributed data were
analysed by t-test, one-way ANOVA with Bonferroni’s/Dunnett’s multiple comparison, or two-way
ANOVA with Sidak’s multiple comparison test, following log-transformation where necessary. When
data were not normally distributed, Mann-Whitney’s U test or Kruskal-Wallis with Dunn’s multiple
comparisons was used. In cases where normality tests were underpowered due to small n numbers,
scatter plots were used to allow graphical inspection of data distribution and analysed by
nonparametric tests. Statistical analyses were performed using GraphPad Prism 8, with p-value <0.05
considered significant. Animal numbers were calculated for each experiment, considering required
replicates to give enough statistical power based on the estimated effect size. Statistical power of 0.8
(80%) was estimated to be attained at n=4, 6, and 9 for an effect size of 2.5, 2 and 1.5 (respectively),

assuming data normality, equal variance, non-paired two-tail tests at p<0.05.
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Chapter 3
Mechanism of microvesicle uptake by lung-
marginated Ly6C"'9" monocytes during

endotoxaemia

Parts of the content of this chapter have been published as a conference abstract and a
Journal publication:

Enhanced Recognition and Internalisation of Microvesicles by Lung-Marginated, Ly-
6Chigh Monocytes During Endotoxaemia. Y. Y. Tan, K. P. O’Dea, S. Soni, S. Shah, B. V.
Patel & M. Takata. FASEB Journal (2017) 31 (1): 327.7

Monocytes mediate homing of circulating microvesicles to the pulmonary vasculature
during low-grade systemic inflammation. K. P. O'Dea, Y. Y. Tan, S. Shah, B. V. Patel, K.

C. Tatham, M. R. Wilson, S. Soni & M. Takata. Journal of Extracellular Vesicles (2020), 9:1,
1706708.
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Chapter 3 Mechanism of microvesicle uptake by lung-marginated

Ly6C"9" monocytes during endotoxaemia

3.1 Abstract

Background

Circulating microvesicles (MVs) have been implicated as long-range mediators of vascular
inflammation, but their precise role in the pathophysiology of pulmonary vascular inflammation is
unclear. MV recognition and uptake by cells within the pulmonary vasculature will be critical in
determining their subsequent role in inducing pulmonary injury from systemic inflammation. Our lab
has recently demonstrated that during subclinical endotoxaemia in mice, the pulmonary circulation
becomes primed as a ‘de novo’ site for uptake of MVs via increased lung margination of Ly6C""
monocytes and their increased capacity for MV uptake. Here, we investigated the mechanism
responsible for the preferential MV uptake by Ly6C"9" monocytes in vitro using cells harvested by

perfusion from the pulmonary vasculature, as well as in ex vivo isolated perfused lungs (IPL).

Methods

Lungs of untreated or low-dose LPS (20ng, i.v. 2h)-pretreated C57BL/6 mice were perfused to obtain
lung-marginated vascular cells. MVs derived from J774A.1 macrophage by ATP stimulation were
labelled with the fluorescent lipophilic dye, DiD, and then co-incubated with lung perfusate cells for
1h in vitro. For IPL experiments, DiD-labelled MVs were infused into the closed, recirculating IPL

circuit for 1h. MV uptake was quantified by flow cytometry or confocal microscopy.

Results

As previously found in vivo, preferential uptake of MVs was observed in vitro in Ly6C"" monocytes
compared to other vascular cell subpopulations obtained from LPS-pretreated mice. MV uptake in
Ly6C"" monocytes obtained from LPS-pretreated mice was also substantially higher when compared
to those obtained from untreated mice. Inhibition experiments in vitro demonstrated that MVs are
endocytosed into the cells via phosphatidylserine (PS)-recognition mechanism through scavenger
receptor A (SR-A) and integrin. In ex vivo IPL, Ly6C"9" monocytes displayed a higher capacity for MV

uptake in IPL obtained from LPS-pretreated, but not from untreated mice.

Conclusion

Preferential uptake of MVs by lung-marginated Ly6C"e" monocytes was demonstrated in vitro and ex
vivo, suggesting a PS-associated mechanism in MV uptake. Enhanced MV uptake within the
pulmonary microvasculature during systemic inflammation by lung-marginated Ly6C"" monocytes

could have significant implications for pathogenesis of acute lung injury (ALI) during endotoxaemia.
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3.2 Background

Despite recognised role of MV in transcellular exchange of messages, their dynamics in sepsis/SIRS-
induced organ injury remains unclear. The distribution of MVs in the circulation, their differential
clearance by each organ and cell-specific uptake mechanism within the vascular beds are critical for
understanding the contribution of MVs to organ injury from systemic inflammation. However, in vivo
data of organ- and cell-specific uptake of circulating MVs is relatively limited. Among these studies,

397-399,451-455 Under normal

liver, lung, spleen and kidney were found to be major organs for MV uptake
resting conditions, systemically administered MVs were found to be rapidly removed (within 10min)
from the circulating blood by organ-resident macrophages of the liver and spleen"4%_ Yet, little is
known of circulating MV uptake dynamics during acute systemic inflammation as in vivo trafficking
403—410,456’

studies evaluated MV uptake only in normal non-inflammatory animals or in cancer models

rather than in systemic inflammatory models.

Our laboratory has previously shown that during subclinical endotoxaemia, the Ly6C"9" subset of
monocytes mobilises from the bone marrow reservoir and marginates to the pulmonary
microvasculature. These newly marginated monocytes were functionally primed, responding
vigorously to secondary microbial challenges and contributing to the development of AL|'87:291:4%0
Interestingly, uptake of circulating fluorescence-labelled bacteria by lung-marginated monocytes was
increased during the subclinical endotoxaemia®’®, consistent with previous findings in endotoxaemic
rats showing increased pulmonary uptake of injected bacteria and inset particles, with a concomitant
reduction in their uptake by the liver**”. Based on these observations, it was hypothesised that during
systemic inflammation, lung-marginated monocytes develop an important role in MV trafficking and

uptake with potential implications for their biological functions with the lungs.

Using flow cytometry to quantify uptake in individual cells, we observed that uptake of MVs (J774.1
macrophage line-derived) in the lung is low under non-inflammatory resting conditions but that it
increased dramatically during LPS-induced subclinical endotoxaemia, attributed to increased uptake
by lung-marginated monocytes'. Under resting conditions, MVs were predominantly cleared by liver
Kupffer cells, and to lesser degree by liver endothelial cells. During subclinical endotoxaemia, Ly6C"o"

97



monocytes show a several-fold increase in MV uptake, which together with their increased
margination in pulmonary vasculature equated to a substantially increased uptake of MVs by the lungs
as compared to liver (Figure 3.1)". Despite LPS-induced inflammation, MV uptake in the lung was
relatively low in the less abundant Ly6C"°" monocytes, much lower in neutrophils, and negligible in
endothelial cells and alveolar macrophages. These results suggest that the uptake of MVs by the
pulmonary-marginated Ly6C"®" monocyte during subclinical endotoxaemia could play a critical role in
sepsis-induced indirect ALI, where clearance of circulating MVs is redirected from the hepatic to the

pulmonary circulation for cell type-specific uptake during inflammation.
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Figure 3.1 Uptake of circulating MVs in the lung (A-C) and liver (D-F) during low-grade systemic
inflammation.

DiD-labelled J774A.1 macrophage-derived MVs were injected i.v. via tail vein into untreated or low-
dose LPS-treated (20ng, i.v., 2h) mice. At 1h post MV injection, lung and liver were harvested for
preparation of fixed single-cell suspension and analysis by flow cytometry. (A, D) Cell-associated DiD
fluorescence is indicated (mean fluorescence intensity: MFI) as a measure of MV uptake per cell in
each of the cell populations. (B, E) Total number of cells for each cell type investigated in the organ.
(C, F) Total uptake of MVs per organ, estimated by calculating the individual cell-associated DiD MFI

values (from A or D) x group mean cell counts/organ (from B or E). (Adapted from O’Dea’)
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3.3 Aims
To extend the in vivo findings of enhanced MV uptake by lung-marginated monocytes during
endotoxaemia, in this study we aimed:
1) To develop an in vitro model suitable for determination of the MV uptake dynamics by lung-
marginated cells.
2) To identify receptor-dependent mechanisms of MV uptake by lung-marginated Ly6CMd"
monocytes.

3) To evaluate MV uptake by pulmonary vascular cells in an ex vivo isolated perfused lung (IPL)

model.
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3.4 Methods

3.4.1 Induction of subclinical endotoxaemia

For induction of sub-clinical endotoxaemia, C57BL/6 mice received a single i.v. (via tail vein) injection
of 20ng LPS for 2h. After 2h, mice were euthanized via anaesthetic overdose and exsanguinated at

the femoral artery for confirmation of termination.

3.4.2 Harvesting lung-marginated cells

Untreated or 2h low-dose LPS-treated mice were sacrificed by anaesthetics overdose. Mice were
thoracotomised and 20IU of heparin was injected into the right ventricle, followed by cannulation of
the pulmonary artery and left atrium. Once the cannulations were established, mice were
tracheotomised, and lungs were inflated with 15ml/kg body weight of air to maintain optimal opening
of pulmonary microvasculature for perfusion. Lungs were perfused with 4% (v/v) HAS-HBSS at 10ml/h
and gradually increased to a constant flow of 50ml/h for 12min until the lungs turn translucently white
and 10ml of perfusate was collected. Perfusate cells were washed 3 times with HBSS and

resuspended in 0.5% (v/v) HAS-HBSS for experimentation.

3.4.3 MV production in vitro and DiD fluorescent-labelling

J774A.1 macrophages were seeded at a density of 6x10° cells in 6mm petri dishes overnight. The
next day, adherent cells were washed with PBS and treated with 3mM of ATP for 30min to produce
MVs'. MVs were isolated by differential centrifugation and resuspended in 0.5% (v/v) HAS-HBSS and
labelled with DiD fluorescence for experimentation. DiD-labelled MV fluorescence were quantified for
standardisation of MV concentrations in following uptake experiments. See main methods (2.8.1 &

2.8.2) for details.

3.4.4 MV uptake in vitro

Washed lung perfusate cells were counted by flow cytometry and each experiment condition is
standardised to 50,000 Ly6C"9" monocytes in 0.5ml (1x10° Ly6C"9" monocytes/ml) based on dose-
response obtained at initial stage of experimentation. Lung perfusate cells were incubated with

standardised amount of fluorescently labelled MVs at 37°C for up to 1h, with or without pretreatment

100



of various pharmacological inhibitors or competitive inhibitors (unlabelled MVs or liposomes) on a
benchtop rotating wheel (microcentrifuge tube) for continuous mixing. After incubation of perfusate
cells with MVs with or without inhibitors, cells were washed and centrifuged at 300 x g for 10min for

flow cytometric analysis or processed for confocal imaging.

3.4.5 In vitro MV uptake mechanism studies

For energy depletion studies, MVs were either incubated with perfusate cells at 4°C with continuous
mixing, or cells were pretreated with energy depletion toxins (10mM Sodium Fluoride (NaF), 0.1%
(w/v) Sodium Azide (NaNs), 1ug/ml Antimycin A) for 15min on ice prior to addition of MVs at 37°C for
1h. For trypsinisation treatment, washed perfusate cells (after MV uptake) were resuspended in 1x
trypsin for 5min at 37°C, prior to centrifugation at 300 x g for 10min for flow cytometric analysis. For
MV uptake inhibition studies, perfusate cells were pre-incubated with various inhibitors for 15min on
ice prior to addition of MVs. Uptake inhibitors used include 2uM Cytochalasin D, 0.25mM Dynasore,
2mM RGDS peptide (or control RGES peptide), 50ug/ml polyinosinic acid (Poly-l) (or control
polycytidylic acid (Poly-C)), and 25ug/ml dextran sulphate (D-S) (or control chondroitin sulphate (C-
S)). For competitive inhibition experiments, titrated concentration of unlabelled MVs or
phosphatidylserine (PS)-liposomes (or control phosphatidylcholine (PC)-liposomes) sized to 100 nm
were added simultaneously to perfusate cells at 37°C for 1h. PS-liposomes were formulated with PS
and PC at a 1:1 molar ratio and PC liposomes were formulated as PC only using high-pressure argon

extrusion (Encapsula NanoSciences, USA).

3.4.6 MV uptake ex vivo IPL

MV uptake in IPL was performed with untreated or low-dose LPS-pretreated C57BL/6 mice. In brief,
IPL was perfused with 4% (v/v) BSA-RPMI at a rate of 25 ml/kg/min and ventilated with 5%CO, at
5cmH,0 PEEP, 6-7ml/kg tidal volume and sustained inflation performed at 25cmH-20 at every 15min
interval. Standardised dose of DiD-labelled MVs (240,000FU) were infused into the non-recirculating
perfusion circuit of IPL for 1h. Lungs were harvested, and single cell suspension (after 5min fixation

to stabilise DiD signal) was prepared for flow cytometric analysis of MV uptake.
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3.4.7 Cytospin poly-lysine slides preparation for confocal microscopy

After MV uptake experiment, pulmonary perfusate cells were centrifuged at 300 x g for 10min,
resuspended in RBC lysis solution (MACS Miltenyi Biotech, UK) for 10min at RT, washed and fixed
in 4% (v/v) paraformaldehyde for 5min at RT. Fixed cells were stained with primary biotin anti-mouse
Ly-6C antibodies (HK1.4, BioLegend) at 4°C overnight, followed by Alexa Fluor-488 streptavidin
secondary antibodies (BioLegend) for 1h at RT. Cytospin poly-lysine slides (Sigma, UK) were
prepared from pulmonary perfusate cell suspension by sedimentation of a total of 5x10° cells by
cytospin centrifugation at 100 x g for 5min onto poly-lysine slides. Cells were mounted with ProLong™
Gold Antifade Mountant with DAPI (P36931, ThermoFisher Scientific, UK) and analysed by confocal

microscopy.
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3.5 Results
3.5.1 Production and characterisation of fluorescently-labelled J774A.1 macrophage-derived
MVs.

To investigate pulmonary vascular mechanisms of MV uptake, we generated MVs from J774A.1
macrophages by brief stimulation with ATP, a commonly used physiologically-relevant and defined
method to generate MVs via activation of the P2X7 receptor inflammatory signalling pathway**°. After
labelling with DiD, MVs were evaluated by flow cytometry. A 1um upper size gate determined using
fluorescent sizing calibration beads (Figure 2.11) and DiD-labelled MVs were identified as APC
channel positive events within the 1um region (R1) (Figure 3.2, A) and sensitive to 0.1% (v/v) Triton
X-100 detergent treatment (Figure 3.2, B). MV counts were determined relative to number of
AccuCheck 6um counting beads (R2). As a negative control, mock incubations of DiD in buffer without
MVs were performed (PBS-DiD), but this produced relatively insignificant amounts of DiD
fluorescence-positive events under the same gating strategy (Figure 3.2, C). The total fluorescence
present in DiD-labelled MV preparations was quantified using a fluorescent plate reader and
fluorescence unit (FU) was determined (Figure 3.3). Statistical analysis of serially diluted samples
showed a linear correlation between MV counts (CD45+, DiD+) by flow cytometry and FU
measurement by fluorescent plate reader, indicating a direct relationship between flow cytometry

based MV counts and total fluorescence emission of a range of dilutions.
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Figure 3.2 Flow cytometric gating of in vitro-generated J774A.1 MVs.

J774A.1 macrophages were stimulated with ATP (3 mM, 30min) and the released MVs were labelled
with DiD (5uM, 7min, RT) and analysed by flow cytometry. (A) DiD-positive events (R1) was counted
using a 1um gate determined from fluorescent sizing calibration beads and DiD-positive events were
all lower than the 6um diameter Accucheck counting beads (R2). (B) Incubation of samples with non-
ionic detergent (0.1% (v/v) Triton X-100) resulted in the disappearance of all DiD-positive events,
confirming the dissolvement of their vesicular membrane. (C) As negative control, DiD dye was
resuspended in PBS and centrifuged at 20,000 x g for 15min without MV's (PBS-DiD). (Representative

figure, n=1)
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Figure 3.3 Correlation between DiD-labelled MVs count and fluorescence unit (FU).

Total fluorescence of 2-fold serially diluted DiD-labelled MVs were quantified using fluorescence plate
reader and number of MVs were counted using flow cytometric analysis. Correlation analysis
indicated linearity and correlation (Pearson correlation coefficient) between DiD-labelled MVs
fluorescence (FU/ml) and concentrations of DiD-labelled MV determined by flow cytometry (DiD and

CD45 double-positive events). (Representative pilot experiment, n=1)
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To further characterise the J774A.1-derived MVs, various surface receptor expressions such as
CD45 and CD11b were tested for their myeloid origin and annexin V for phosphatidylserine (PS)
expression, with their respective isotype controls (Figure 3.4). To differentiate MVs from exosomes,
these MVs were also examined for common exosome markers, the tetraspanins such as CD9, CD63,
CD81 and the lysosome-associated membrane protein, LAMP2 (Figure 3.4). Although CD9, CD81
and LAMP2 were clearly detectable on EVs, these markers were also expressed at high levels on the
plasma membrane of untreated parent J774A.1 cell (Figure 3.4, inset histogram overlays). By
contrast, surface CD63 was absent from both MVs and cells. These results suggest the derivation of
these MVs from the plasma membrane of their precursor cells, rather than exosomes. Similarities
between expression profiles of tetraspanins on MVs and the parental cell membrane have been
described previously in other cell lines*®. Therefore, identity of J774A.1-derived MVs was verified by

their size and surface expression of CD45, CD11b and PS for following studies.
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Figure 3.4 Subcellular origin of J774A.1 macrophage-derived MVs.

The subcellular origin of DiD-positive J774A.1 macrophage-derived MVs was assessed by antibody
staining against common myeloid cell marker CD45, CD11b and annexin V for phosphatidylserine
(PS) expression. The non-exosomal origin of these MVs was also verified by staining against common
exosome markers CD9, CD63, CD81 and LAMPZ2. Expression of these markers on MVs (main
histogram overlays) corresponded directly to the expression of these markers on their parental cells
(inset histogram overlays), suggesting the derivation of these DiD-labelled MVs from the plasma
membrane of their precursor cells. Note that J774A.1 macrophages do express CD9, CD81 and
LAMP2, but not CD63 on their surface. (Representative figure, n=1)
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3.5.2 Characterisation of pulmonary perfusate cell populations

We investigated the possibility of using pulmonary perfusate preparations harvested from the lung as
physiologically relevant and potentially more abundant source than blood. Intravenous injection of
low-dose LPS (20ng, 2h) was used to induce subclinical endotoxaemia in mice, which was previously
found to induce a maximal recruitment of monocytes to the lungs without inducing obvious clinical

symptoms such as lethargy or piloerection'®’

. Cellular profiles of pulmonary perfusates obtained from
untreated and subclinical endotoxaemic mice were assessed by flow cytometry (Figure 3.5).
Compared to untreated mice, the proportions of Gr-1"" F4/80- neutrophils and Gr-1™ F4/80+
(Ly6C"9") monocytes were much higher in perfusates from mice with subclinical endotoxaemia,
whereas no difference in the number of Gr-1°" F4/80+ (Ly6C"") monocytes in the pulmonary
perfusates was observed (Figure 3.6), mirroring previous analysis of using single cell suspension from
lung tissue'’. Numbers of monocytes collected via pulmonary vascular perfusion (enriched for the
lung-marginated pool, after IVC exsanguination) in LPS-treated mice was much higher than that
obtained via cardiac puncture (i.e. systemic circulating whole blood) (~5x10° Ly6C"" monocytes in
pulmonary perfusate vs. ~1x10° Ly6C"%" monocytes in blood, data not shown), consistent with
expansion of the marginated monocyte pool lungs during inflammation'®”?°'. Overall, the procedure

was successful and could be performed in a rapid and reproducible fashion to recover cells from a

physiologically relevant source, with potential to perform multiple assays on MV uptake in vitro.
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Figure 3.5 Flow cytometric gating of myeloid leukocytes from pulmonary perfusate of
untreated and LPS-pretreated mice.

Pulmonary perfusates obtained from untreated and low-dose LPS (20ng, i.v. 2h)-pretreated mice
were stained for CD11b, F4/80 and Gr-1 (anti-Ly6C & -Ly6G). Flow cytometry was used to distinguish
each cell population based on their surface marker expression: monocytes were identified as CD11b+
and F4/80+ populations and their subsets were gated as Gr1-med (Q2) or Gri-low (Q3) which
differentiates them based on their Ly6C antigen expression. Neutrophils were identified as a CD11b+,
F4/80- and Gr-1-high population (Q1). Note: In subsequent experiments, anti-Ly6C and anti-Ly6G
Abs were used instead of anti-Gr-1 to differentiate neutrophils more distinctly from monocytes but

gating strategies remained similar. (Representative figure, n=1 from each treatment group)
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Figure 3.6 Total number of myeloid leukocytes recovered from pulmonary perfusate of
untreated and LPS-pretreated mice.

Ly6C"" monocytes, Ly6C"°" monocytes and neutrophils in the pulmonary perfusates obtained from
untreated and low-dose LPS (20ng, i.v. 2h)-pretreated mice were quantified by flow cytometry.
Compared to untreated control mice, higher number of Ly6C"™" monocytes and neutrophils were
collected in pulmonary perfusates of low-dose LPS-pretreated mice, whereas no difference in the

number of Ly6C"" monocytes was observed. (Mean + SD, n=2-5, *p<0.05, two-tailed unpaired t-tests)
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3.5.3 Characterisation of MV uptake dynamics and kinetics by Ly6C"9" monocytes in vitro

As Ly6C"" monocytes were the primary target cell population within the pulmonary vasculature
during subclinical endotoxaemia (Figure 3.1), we focussed on their uptake dynamics and kinetics for
establishing the in vitro uptake model. Pulmonary perfusate from a single subclinical endotoxaemic
mice was subdivided into microcentrifuge tube containing standardised number of 5x10* Ly6C"e"
monocytes (and other cell types) and co-incubated with different amounts of DiD-labelled J774A.1
macrophage-derived MVs in a final volume of 0.5ml (=1x10° Ly6C"9" monocytes/ml) for 1h (based on
in vivo method). MV uptake was assessed by measurement of cell-associated DiD MFI using flow
cytometry. Ly6C"e" and Ly6C'"*" monocytes appeared to a reach saturation level at > 2x10” MVs/ml),
whereas neutrophils uptake of MVs remained relatively negligible up to 1x10” MVs/ml (Figure 3.7).
Based on this dose response curve, an intermediate concentration of MVs (1x10° MVs/ml, or
100,000FU/mlI, indicated as dotted line) was chosen for standardisation of all subsequent in vitro MV-

uptake experiments.
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Figure 3.7 Dose response curve of DiD-labelled MV uptake by Ly6C"9" monocytes.

Pulmonary perfusate cells from subclinical endotoxaemic mice were incubated with increasing
concentration of DiD-labelled MVs for 1h. Uptake by Ly6C"" and Ly6C"°" monocytes reached a
maximum with 2x10” MVs/ml, at ~2500MF| and ~300MFI, respectively. Neutrophils uptake of MVs
remained relatively negligible up to 1x10” MVs/ml. A moderate concentration of DiD-labelled MV's
(1x10° MVs/ml, or 100,000FU/mI, indicated as dotted lines) was chosen for all subsequent

experiments (Representative pilot experiment, n=1).
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Next, we analysed the kinetics of MVs. Pulmonary perfusate from subclinical endotoxaemic mice were
incubated with the standardised MV concentration for different intervals up to 1h. MV uptake by
Ly6C"" monocytes was apparent as early as 20min and reached saturation at 50min and plateaued
between after 50min, whereas MV uptake by Ly6C"" monocytes and neutrophils remained relatively
negligible at this MV concentration throughout 1h incubation (Figure 3.8). Hence, subsequent in vitro
MV uptake experiments were carried out for 1h using standardised concentration of DiD-labelled MVs
(100,000FU/ml), incubated with pulmonary perfusate cells (standardised to contain 1x10° Ly6C"e"

monocytes/ml).
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Figure 3.8 Time course of DiD-labelled MV uptake by Ly6C"¢" monocytes.

Pulmonary perfusate obtained from subclinical endotoxaemic mice were incubated with standardised
dose of DiD-labelled MVs (100,000FU/ml) for up to 1h. MV uptake by Ly6C"" monocytes reached a
maximum at 50min and plateaued after. MV uptake by Ly6C"°" monocytes and neutrophils remained
relatively negligible throughout. 1h incubation period was chosen for subsequent experiments. (Mean
+ SD, n=3)
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To investigate if increased cell-associated DiD fluorescence was a consequence of direct MV-cell
interactions rather than transfer of free DiD or DID dye dissociation from MVs during incubations,
competitive inhibition experiments were carried out with unlabelled MVs in increasing concentrations
in mixture with the standard concentration of 1x10°%/ml DiD-labelled MVs (=100,000 FU/ml). Unlabelled
and DiD-labelled MVs were added simultaneously to the pulmonary perfusate cells and DiD-labelled
MV uptake was assessed in Ly6C"" monocytes after 1h. Unlabelled MVs were found to reduce cell-
associated DiD levels in a dose-dependent fashion indicating competitive inhibition, where presence
of an equivalent amount of unlabelled MVs (1x10%ml) and DiD-labelled MVs (1x10%/ml) halved the
cell-associated DiD-labelled MV uptake from 140MFI| to 70MFI, giving rise to a defined half maximal
inhibitory concentration (ICso) (Figure 3.9). These results effectively ruled out DiD-associated non-

specific artefacts.
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Figure 3.9 Competitive inhibition of DiD-labelled MV uptake in Ly6C"" monocytes by
unlabelled MVs.

Pulmonary perfusate cells from subclinical endotoxaemic mice were incubated with 1x10%ml DiD-
labelled MVs with varying concentrations of non-fluorescently labelled MVs for 1h. DiD-labelled MV
uptake by Ly6C"9" monocytes was halved (from 140 MFI to 70MFI) in presence of 1x10%ml unlabelled
MVs (dotted line), suggesting a direct competitive relationship with defined half maximal inhibitory
concentration (ICso), negating the possibility of non-specific DiD artefacts (Representative pilot

experiment, n=1).
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3.5.4 Comparison of MV uptake by pulmonary vascular myeloid leukocyte subpopulations

To further evaluate the specificity and preferential of uptake by Ly6C"9" monocytes as compared to
its counterpart Ly6C'" subset during subclinical endotoxaemia, a series of separate experiments
were performed. Pulmonary perfusate cells were obtained from either untreated or subclinical
endotoxaemic mice and incubated with DiD-labelled MVs for 1h. Low-dose LPS challenge in mice
was found to significantly increase uptake capacity of MVs in Ly6C"9" monocytes (control: 908+574
vs. LPS: 1713+536 MFI), but not in Ly6C'* monocytes (control: 572+339.5 vs. 345+445.7 MFI) and
neutrophils (control: 63.2+76.61 vs. LPS: 14.2+21.14 MFI) (Figure 3.10). These results with
pulmonary vascular cells in isolation suggest that MV uptake capacity of Ly6C"" monocytes is
enhanced directly by subclinical endotoxaemia, rather than indirect in vivo-induced effects such as

increased MV availability due to reduced uptake by the liver.

*% *%k%
] " 1
kK *kk*%k .
— 2000 — ' ' ® Ly6CHigh Monocytes
LL * *%*
= s | o|® = |Ly6CLoW Monocytes
a 1500 ° .
a A Neutrophils
3 °
_“g 1000+ ol
@ m
® 500+ i
© ™
o
0- = o

Control LPS

Figure 3.10 Preferential uptake of MVs by lung-marginated Ly6C"9" monocytes in vitro.
Pulmonary perfusate cells from untreated or subclinical endotoxaemic mice were incubated with
standardised dose of DiD-labelled MVs in vitro for 1h. LPS challenge in vivo increased MV uptake
capacity of Ly6C"" monocytes, but not Ly6C°" monocytes and neutrophils. (Mean + SD, n=5,
*p<0.05, **p<0.01, ****p<0.0001, two-way ANOVA with Sidak’s multiple comparison test.)
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3.5.5 Mechanisms of MV internalisation by Ly6C"?" monocytes in vitro

The upregulation of MV uptake capacity Ly6™" monocytes and expansion of the lung-marginated
pool during systemic inflammation indicates the potential for expression of their bioactivity and
alternative forms of inflammatory signalling within the pulmonary vasculature. The expression of MVs
bioactivity depends on how they interact with and processed by their target cells, with a variety of
mechanisms involved, such as surface ligand-receptor interaction, membrane fusion and
endocytosis/internalisation®3’". Using the in vitro pulmonary perfusate model, we investigated MV
uptake by confocal microscopy and carried out quantitative analysis of MV uptake in the presence of

various inhibitors and treatments by flow cytometry.

For confocal imaging, Ly6C"®" monocytes were identified by anti-Ly6C antibodies conjugated to green
fluorescence, DiD-labelled MV were shown in red fluorescence and the DAPI stained cell nucleus in
blue (Figure 3.11). Neutrophils were distinguished from Ly6C"e" monocytes by their DAPI-stained
multi-lobular nucleus and much lower levels of anti-Ly6C antibody staining (data not shown). Clear
DiD staining was restricted to Ly6C"9"-stained monocytes, consistent with flow cytometry data.
Monocytes displayed a rounded cell morphology in the absence of MVs incubation, whereas after co-
incubation with MVs, plasma membranes of monocytes appear ruffled, suggesting active membrane
reorganisation in these cells. Moreover, the DiD signal (red) appear localised within the cytoplasm of
monocytes, strongly suggesting that MVs were internalised rather than fused with the plasma
membrane. This interpretation was further supported by a 3D reconstruction imaging using z-stack
confocal microscopy imaging, where DiD-labelled MVs were shown to be internalised by Ly6C"9"

monocytes in clusters within the cytoplasm (Figure 3.12).
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DAPI Ly6C DiD Composite

Figure 3.11 Confocal microscopy imaging of MV uptake by Ly6"9" monocytes

Pulmonary perfusate cells were incubated with DiD-labelled MV, fixed and stained with DAPI (blue,
cell nuclei), and anti-Ly6C Alexa-Fluor 448 antibody (green) was used to identify Ly6C"" monocytes.
The upper panel shows adjacent Ly6C"™" monocytes without MV co-incubation as a control,
displaying a rounded morphology. The lower panel shows a Ly6C"" monocyte after incubation with
DiD-labelled MVs (red), where MVs were localised in cell cytoplasm contained within the Ly6C-stained
plasma membrane, suggesting internalisation of MV's by Ly6C"" monocytes rather than membrane

fusion. (Magnification x1000, 5um scaling bars inset)
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Figure 3.12 3D z-stack confocal microscopy of MV localisation and uptake by Ly6CMd"
monocytes.

Pulmonary perfusate cells were incubated with DiD-labelled MVs, fixed and stained with DAPI (blue,
cell nuclei), and anti-Ly6C Alexa-Fluor 448 antibody (green) was used to identify Ly6C"" monocytes.
3D Z-stack images were constructed to show 3D localisation of MVs in a single Ly6C"" monocyte.
(A) view of cell from the front (B) view of cell from the right side (C) view of cell from the back (D) view
of cell from the left side. DiD staining (red) shows clusters of MVs localised within the cell cytoplasm,

further suggesting internalisation rather than fusion. (Surrounding red box indicates the orientation of

the view, as well as for scaling (1 bar = 5um)) (Magnification x1000)
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As an alternative quantitative approach, we investigated MV uptake mechanisms in pulmonary
perfusate cells by flow cytometry. Following incubation with MVs, cell were treated with trypsin to
remove surface bound MVs as described previously*®, but no effects were observed on levels of
Ly6C"e" monocytes-associated DiD fluorescence, suggesting that majority of MVs were internalised
(Figure 3.13), as was evident from confocal imaging shown above. We next investigated whether the
uptake of DiD-labelled MVs by Ly6C"e" monocytes is an active endocytic process, as has been
reported for EV uptake in mononuclear phagocytes subpopulations, including monocytes,
macrophages and dendritic cells*®®*®3, Co-incubation of MVs and perfusate cells at 4°C reduced MV
uptake significantly, suggesting this was an energy-requiring process. This interpretation was further
evaluated by measuring MV uptake in the presence of energy-depleting metabolic inhibitors mixture:
sodium fluoride (NaF), which inhibits enolase and pyruvate kinase; sodium azide (NaNs), which
inhibits cytochrome c oxidase; and antimycin A, which inhibits cytochrome c reductase. Addition of
these inhibitors resulted in complete ablation of MV uptake, indicating that internalisation of MVs by
Ly6C"" monocytes is an active, energy dependent process, likely to involve endocytic pathways. As
endocytosis can occur by various mechanisms, we tested the mechanism of MV uptake with
phagocytosis inhibitor Cytochalasin D, which inhibits cytoskeletal function via actin microfilament
disruption, and the clathrin-mediated endocytosis inhibitor, Dynasore, which inhibits dynamin
GTPase. Both cytochalasin D and Dynasore partially inhibited endocytosis of MVs (~50%). Similar
incomplete inhibition has been observed previously in EV uptake studies and can be attributed to the
involvement of multiple pathways in MV-cell interaction®®144%®_These results together, showed that
Ly6C"" monocytes internalise MVs via an energy-dependent, active endocytic process, involving

both phagocytosis and clathrin-dependent endocytosis pathway.
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Figure 3.13 Lung-marginated Ly6C"%" monocytes internalised MVs via active endocytosis.
Pulmonary perfusate cells from subclinical endotoxaemic mice were incubated with DiD-labelled MV
for 1h. The untreated group represents DiD-labelled MV uptake by Ly6C"™" monocyte without
inhibitors at 37 °C. Trypsinisation of cells post-incubation with MV did not reduce Ly6C"" monocyte
associated DiD fluorescence, indicating that MVs were not cell surface-bound. Incubation of Mvs and
cells at 4°C, and in the presence of energy depletion toxin (10mM NaF, 0.1% (w/v) NaNs, 1ug/ml
Antimycin A) at 37 °C, significantly reduced MV uptake, indicative of an active energy-dependent
process.  Pre-incubation of pulmonary perfusate cells with endocytosis pathways inhibitors,
Cytochalasin D (2uM) and Dynasore (0.25mM), partially inhibited MV uptake. (Mean + SD, n=3-5,
**p<0.01, ****p<0.0001 vs. untreated, one-way ANOVA with Dunnett’s multiple comparison.)
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3.5.6 Receptor-mediated uptake of MVs by Ly6C"?" monocytes in vitro

PS externalisation on the outer plasma membrane leaflet is an essential ‘eat me’ signal for the
phagocytic clearance of apoptotic cells and has also been shown to be a critical determinant of MV
uptake by mononuclear phagocytes. As shown by annexin V binding (Figure 3.4), J774A.1-derived
MVs have significant levels of exposed membrane PS. Considering the potential role of PS
recognition in determining the differences in MV uptake capacity and upregulation between Ly6C"e"
and Ly6C"" monocytes during subclinical endotoxaemia (Figure 3.10), we investigated the in vivo

expression several known PS receptors on lung-marginated monocyte subsets by flow cytometry.

Using lung cell suspensions prepared from either untreated or low-dose LPS (20ng, i.v., 2h) treated
subclinical endotoxaemic mice, we measured receptors previously implicated in PS-dependent cell
and EV uptake: MerTK, TIM-4, CD51 (ay integrin), CD61 (B3 integrin) and Bs integrin, as well as
scavenger receptors including scavenger receptor A (SR-A or CD204), MARCO, SR-B (CD36) and
CD68 (Figure 3.14). We found no significant difference in the expression of any of the above listed
surface receptors in monocytes between control untreated and low-dose LPS treated mice, however
there appeared to be differences between subsets in some cases. Both ay and B3 integrin subunits
were detected on both monocyte subsets but not s integrin, MerTK and TIM-4. Although ay integrin
subunit was expressed at a similar level on both Ly6C"9" and Ly6C'"*" monocytes, Bs integrin subunit
was more highly expressed on the Ly6C"9" subset. For scavenger receptor measurements, higher
expression of SR-A (CD204) was detected on Ly6C"e" monocytes than Ly6C" monocytes, whereas
higher expression of SR-B (CD36) was detected on Ly6C"" than Ly6C"e" monocytes. Expression of

MARCO and CD68 were below detectable levels in both monocyte subsets.
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Figure 3.14 Flow cytometric analysis of surface receptor expression on Ly6C"9" and Ly6C'*¥
monocytes.

In vivo expression of PS and scavenger receptors on monocyte subsets were determined in lung
single cell suspensions from untreated and subclinical endotoxaemic mice (20 ng, i.v., 2h) by flow
cytometry. (A) PS receptor expression. S integrin was expressed at higher levels on Ly6C"" than on
Ly6C"°" monocytes, in both untreated and LPS-treated mice. o, integrin was expressed on both
monocyte subset (B) Scavenger receptor expression. Scavenger receptor A (SR-A, CD204) was
expressed at higher levels on Ly6C"™" than on Ly6C"°" monocytes. SR-B (CD36) was expressed at
higher levels on Ly6C™ monocytes than Ly6C"" monocytes. (n=3).
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As Ly6C"9" monocytes express higher levels of a,B3 integrin and SR-A than Ly6C"" monocytes, we
considered that PS recognition might be a critical determinant of the differential MV uptake by
monocyte subsets. Therefore, we tested the RGD peptidomimetics (integrin blocking peptide) in the
MV-cell co-incubation assay to assess the role of the PS-integrin mechanism in MV uptake. We found
a substantial reduction in MV uptake by pre-incubation of pulmonary perfusate cells with 2mM RGDS,
in comparison to its non-binding control RGES (Figure 3.15). In addition, we found that in the presence
of PS-liposomes, MV uptake by Ly6C"e" monocytes was almost completely inhibited, in contrast to
partial but non-significant reductions by PC-liposomes. As Ly6C"9" monocytes express higher SR-A
(CD204) but lower SR-B (CD36) than Ly6C"°" monocytes, we evaluated MV uptake in the presence
of SR-A inhibitors polyinosinic acid (Poly-1) and dextran sulfate (D-S) (Figure 3.16). MV uptake was
similarly inhibited by Poly-l and D-S by ~50%, compared to their respective negative control polymers
(polycytidylic acid (Poly-C) and chondroitin sulphate (C-S)). These results together suggest that 33
integrin, possibly in heterodimer with ay integrin subunit, as well as SR-A, contribute to the mechanism
of MV uptake by Ly6C"" monocytes via a PS-recognition mechanism, as summarised in schematic

below (Figure 3.17).

In addition to integrins and scavenger receptors, there are other adhesion molecules known to be
more highly expressed on Ly6C"" monocytes, such as L-selectin and PSGL-1, which has been

467 We also found a

implicated in P-selectin mediated binding of platelets to monocyte-derived MVs
higher expression of these receptors on Ly6C"9" monocytes in comparison to Ly6C'*" monocytes
present in lung perfusates from subclinical endotoxaemic mice (data not shown). However, receptor
inhibition experiments using unconjugated anti-PSGL-1 and anti-L-selectin blocking antibodies did

not alter MV uptake by Ly6C"e" monocytes, suggesting that this receptor mechanism is not relevant

to the MV uptake by lung-marginated monocyte subsets (data not shown).
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Figure 3.15 MV uptake by Ly6C"" monocytes via a phosphatidylserine (PS)-integrin-
associated pathway.

Pulmonary perfusate cells from subclinical endotoxaemic mice incubated with DiD-labelled MV in the
presence of either integrin receptor inhibitor RGDS peptide, or competitive PS inhibitor, PS-liposomes
(PS-lipo). Uptake of MV by Ly6C"9" monocytes were partially inhibited by RGDS peptide (2mM), while
PS liposomes (0.25mM) abolished MV uptake almost completely, in comparison to controls RGES
peptide and phosphatidylcholine-liposomes (PC-lipo), respectively. (Mean + SD, n=3-7, *p<0.05, **p
<0.01, one-way ANOVA with Bonferroni’s multiple comparisons test (peptide blocking), Friedman test

with Dunn’s multiple comparisons tests (Liposomes blocking))
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Figure 3.16 MV uptake by Ly6C"" monocytes via a scavenger receptor-associated pathway.

Pulmonary perfusate cells from subclinical endotoxaemic mice incubated with DiD-labelled MV in the
presence of two different types of SR-A inhibitors polyinosinic acid (Poly-1) and dextran sulphate (D-
S). Uptake of MV by Ly6C"9" monocytes were partially inhibited by 50ug/ml Poly-1 and 25ug/ml D-S,
in comparison to their respective controls polycytidylic acid (Poly-C) and chondroitin sulphate (C-S).

(Mean = SD, *p<0.05, n=4, Friedman test with Dunn’s multiple comparisons tests.)
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Figure 3.17 Receptor-dependent mechanism implicated in MV uptake by lung-marginated
Ly6C"e" monocytes.

PS-recognition receptor mechanism is involved in the internalisation of MVs by lung-marginated
Ly6C"™" monocytes, implicating the involvement of both a,Bs integrin receptors and scavenger

receptor A (SR-A).
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3.5.7 MV uptake in the ex vivo isolated perfused lung (IPL) model

To further investigate MV uptake within the pulmonary circulation, we used an ex vivo isolated
perfused lung (IPL) system, to enable the investigation of pulmonary-specific MV interactions by
completely eliminating systemic variables. Lungs were isolated from either untreated or subclinical
endotoxaemic mice (20ng, i.v., 2h LPS-pretreated) and perfused briefly at slow flow rate for 5min to
remove non-marginated cells, mainly residual red blood cells. A standardised dose of DiD-labelled
MVs based on DiD fluorescence equivalent to that used in previous in vivo studies (240,000 FU), was
infused into the closed, recirculating circuit for 1h. Flow cytometric analysis of lung single cell
suspensions showed that amongst the pulmonary vascular populations analysed, Ly6C"9" monocytes
were almost the exclusive target of MVs and that uptake, where MV uptake was significantly higher
in LPS-pretreated IPL compared to control IPL (Figure 3.18). This increase was substantially higher
than the previous in vivo studies despite using the same amount of MVs, presumably due to increased
MV availability in the absence of systemic clearance by the reticuloendothelial system (RES) in the

IPL.
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Figure 3.18 MV uptake in the ex vivo isolated perfused lung (IPL) model.

Lungs from normal or low-dose LPS-pretreated (20ng, i.v., 2h) mice were isolated, perfused and
mechanically ventilated using the IPL system. After a brief, slow flow-rate flush (5min) to remove non-
marginated cells (mainly red blood cells), DiD-labelled MV's (240,000 FU) were infused into the close,
non-recirculating IPL circuit for 1h. Lungs were harvested for flow cytometric analysis of cell-
associated DiD (MFI), as a quantitative indicator of MV uptake. MV uptake by Ly6C"9" monocytes was
upregulated in the LPS-pretreated IPLs, in comparison to untreated IPLs. MV uptake by other cell
types (Ly6C"°" monocytes, neutrophil and, endothelial cells) were relatively negligible in both

untreated and LPS-pretreated conditions. (Mean £ SD, n=3, *p<0.05, two-tailed unpaired t-tests.)
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3.6 Discussion

3.6.1 Summary

This chapter extended our previous in vivo findings on monocyte-dependent redistribution of MV
uptake from the hepatic to pulmonary circulations under systemic inflammatory conditions. Based on
previous in vivo studies (Figure 3.1), we further hypothesised that the decreased uptake of MVs in
liver Kupffer cells during subclinical endotoxaemia was due to increased uptake by the expanded
population of lung-marginated Ly6C"9" monocytes. To address this question and to define the uptake
process, novel methodologies were developed to harvest the large numbers of lung-marginated
Ly6C"9" monocytes for in vitro studies. In addition, | re-established the ex vivo IPL system within the
research group as a model to assess ‘pulmonary-specific’ MV uptake. These approaches enabled the
investigation of detailed mechanisms involved in MV uptake and opens up a new opportunity to
investigate the effect of MVs in lung inflammation/injury during subclinical endotoxaemia using IPL in
subsequent follow up studies. The results obtained supported our previous in vivo observation of cell
type-specific MV uptake by Ly6C"e" monocytes, and further elucidated the mechanisms involved. Key
findings from this chapter include: 1) Lung-marginated Ly6C"e" monocytes has a subset-specific,
preferential increase in its capacity to take up MVs during systemic inflammation, 2) MV uptake by
lung-marginated Ly6C"" monocytes is an active, energy-dependent endocytic process, 3) MV uptake
by lung-marginated Ly6C"®" monocytes is regulated via a PS-recognition mechanism and involved
co-participation between o33 integrin receptor and scavenger receptor A, 4) IPL results showed that
systemic injection of LPS enhanced MV uptake by lung-marginated Ly6C"e" monocytes “per se”,

irrespective of the in vivo effect of systemic clearance on the availability of circulating MV.

3.6.2 In vitro MVs generation and characterisation

ATP signalling through P2X; receptor pathway produces rapid translocation of PS from the inner
leaflet to the outer leaflet of plasma membrane, which precedes the blebbing and release of MVs from
cells*®. In this study, we generated MVs from an in vitro macrophage cell line via extracellular ATP
stimulation**®, as a physiologically relevant method for acute, non-apoptotic release of MVs in vitro*®®.
Our isolated MV preparations were enriched by differential centrifugation method that included an

initial low-speed centrifugation step (300 x g, 10min) to remove cells, whilst ensuring maximum
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recovery of larger MVs within the whole population, followed by high-speed centrifugation step
(20,000 x g, 15min) to remove exosomes. Although initial centrifugation at higher speeds (e.g. 1500—
2000 x g) are often used for removal of cell debris, larger EVs (e.g. apoptotic bodies) and platelets,
they have been shown to reduce MV recovery substantially (~75%), presumably due to overlapping
density and their associated sedimentation rates. To exclude cell debris as well as constitutively
released EVs from preparations, multiple rinses of the adherent J774A.1 adherent cultures were
carried out, prior to MV generation. Nonetheless, as EVs contain subpopulations of vesicles with
overlapping sizes, each EV subpopulations could not be distinctively isolated from each other by
differential centrifugation. With MVs being the ‘middle-sized’ EVs, where their size range falls in
between that of their smaller counterpart exosomes and larger counterpart apoptotic bodies, our MV
preparation may contain some ‘contamination’ with exosomes and apoptotic bodies, and, as such,

posing an inevitable limitation in studies using isolated MVs.

Traditionally, it has been thought that the difference between exosome and MV biogenesis causes
them to carry distinct surface markers from those seen on the surface of MVs®*?2. However, the
specificity of some exosomes markers were questioned in recent years, as the expression of
tetraspanins CD9, CD63, CD81, and ESCRT components TSG101, VPS4 and Alix, were shown to
be commonly expressed by both exosomes and MVs3?%32°_|n this study, the use of tetraspanins to
distinguish exosomes from MVs were further complicated by the expression of these tetraspanins on
the parental J774A.1 macrophage cell line, making it less useful in the identification or isolation of an

absolute MVs population. Moreover, PS, a marker traditionally used to identify MVs, were also found

326,327,352 343-348

to be expressed by some exosomes , and in some cases, not expressed by some MVs
For these reasons, here we chose to refer to EVs within the size range of <1um detectable by flow
cytometry, which expresses their parental cell marker, in this case CD45 and CD11b, as MVs rather

than exosomes, based on their ‘right-side-out’ membrane orientation characteristics during formation.

3.6.3 Physiological relevance of in vitro MV-pulmonary perfusate cell assays
Our strategy to derive large numbers of Ly6C"" monocytes from the anatomically appropriate site by

pulmonary perfusion represents a novel and robust method to study the intravascular uptake of MVs
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by lung-marginated cells in vitro. In contrast to the use of circulating blood, cells harvested via
pulmonary perfusion are not only more likely to reproduce the in vivo biological properties of lung-
marginated cells, but with respect to Ly6C"%" monocytes during endotoxaemia, they are 5 times
greater in number than that present in circulating blood (~5x10° Ly6C"" monocytes from pulmonary
perfusate vs. ~1x10° Ly6C"9" monocytes from cardiac puncture)"'®’. This difference relates to the
preferential margination of monocytes to various microvascular beds, particularly the lungs, during
inflammation where their numbers in circulating blood are often reduced to very low levels, producing

monocytopenia 71187266291,

In contrast to isolated monocytes cultures, pulmonary perfusates comprising of a mixed population of
cells including erythrocytes, platelets and leukocytes, preserved the natural in vivo cellular profile,
allowing a degree of ‘competition’ in MV uptake experiments in vitro. Our initial dose response curve
showed that MV uptake by other cell types such as Ly6C™" monocytes and neutrophils reached
different levels of saturation at a distinct concentration compared to that of Ly6C"" monocytes.
Although MV uptake by neutrophils remained negligible at relatively lower concentrations of MVs,
they were found to start taking up MVs under higher MV concentration, despite reaching saturation
at a much lower scale. The use of a standardised, moderate MV concentration for 1h incubation period
for the subsequent quantitative studies avoided over-saturation of these in vitro MV-cell assays. The
rapid uptake kinetics observed here, which was diminished at low temperature and with endocytosis
inhibitors, suggested an indispensable active, energy-dependent uptake process. Together, the
characterisation of MV uptake using pulmonary perfusate containing mixed cell types, combined with
incubation with MV at a relatively physiological level within acute timeframe (<1h) highlighted the
significance of our findings on the monocyte-subset specificity in MV uptake. Based on these
considerations, the physiological relevance of studies on MV clearance and relating to vascular cells,
where a single in vitro cell line or primary cell type is used®*®41%4° or with prolonged period of co-

incubation*”! should be interpreted with more caution.
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3.6.4 Endocytic mechanism of MV uptake

An active endocytic process has been widely reported for EV uptake in mononuclear phagocytes,
including monocytes, macrophages and dendritic cells*®®®3, In this study, we demonstrated that
Ly6C"" monocytes internalise MVs via clathrin- and dynamin-dependent endocytosis. In line with
these findings, the uptake of synthetic nanoparticles and microparticles by various cell lines such as
tumour epithelial cells, human monocytes and macrophages, were previously shown to be mediated
via the same mechanisms*®®4 Interestingly, the presence of serum was found to significantly reduce
the uptake of these particles, potentially due to the formation of protein corona around the surface of
these particles, modifying their surface properties and their particle-cell interaction*’?4’3, However,
compared to synthetic nanoparticles and microparticles, much less is known regarding the formation
of protein corona on biological EVs (exosomes and MVs)*"*. As all of our MV uptake experiments
were carried out under serum-free conditions, the effect of serum on the uptake of MVs were not
explored in this study, potentially posing a limitation in its physiological relevance when compared to
in vivo where circulating MVs were constantly in contact with serum and other plasma components.
Nonetheless, under these serum-free in vitro conditions, the relative differences in MV uptake
between monocyte subsets and the increases due to subclinical endotoxaemia (Figure 3.10) were
similar to those found in vivo previously (Figure 3.1), further consolidating the physiological relevance

of these findings.

3.6.5 Receptor-mediated MV uptake by Ly6C"" monocytes
Translocation of PS to the outer plasma membrane is a fundamental process to the blebbing of MVs

from its parental cell and the recognition of PS is likely to be a key mechanism of MV uptake by

398 475

various cell types such as macrophages*'®, endothelial cells**® and human monocytes*’®. A subset of
RGD motif-binding integrin receptors (i.e. a3 and a,ps) have been indicated in the detection and
engulfment of apoptotic cells*’® and MVs*® by tethering PS to their RGD-binding motif via bridging
molecules such as MFG-E8 (lactadherin)*'®418477478 or developmental endothelial locus-1 (Del-
1)%98479480 The higher expression of Bs integrin detected on Ly6C"e" monocytes than on Ly6C'™"

monocytes, as well as the partial inhibition of MV uptake by RGDS peptide in this study, implicated
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the participation of the PS-integrin associated pathways, via bridging molecules such as lactadherin

and Del-1.

Despite previous findings showing higher expression of SR-A (CD204) on Ly6C"°" monocytes than
Ly6C"" monocytes'®’, our receptor expression data showed the contrary, potentially due to the
difference in the activation status of monocytes (systemic circulating pool vs lung-marginated
monocytes pool). Although SR-B (CD36) has previously been implicated in the uptake mechanism of

481 its expression level on Ly6C"9" monocytes were much lower

endothelial-derived MVs by platelets
than that on Ly6C™" monocytes. Interestingly, another class A scavenger receptor, MARCO, was
implicated as the primary receptor in the uptake of negatively-charged MVs by Ly6C"9" monocytes*®?,
despite its low expression levels detected here in this study and in the literature*’2. Although MARCO
could also be a target of polyinosinic acid and dextran sulphate in the MV uptake inhibition study

alongside with CD204, its low expression level on Ly6C"9" monocytes detected here suggested a

stronger role for CD204 in this SR-mediated uptake mechanism.

3.6.6 MV uptake by Ly6C"?" monocytes in the ex vivo IPL model

The study of MVs uptake using the IPL model enables the evaluation of MVs uptake by Ly6""
monocytes within their in vivo physiological environment in the pulmonary circulation, without the
systemic clearance effect exerted by the liver and spleen. Using this model, we verified the direct
effect of inflammation on the upregulation of MV uptake capacity in Ly6C"" monocytes and
demonstrated that subclinical endotoxaemia induced a switch in MV uptake to an alternative pathway
involving newly-marginated monocytes in the lungs. Direct biological effects of MVs on monocytes
were previously demonstrated in vitro, where MVs were shown to induce cytokine expression,

differentiation patterns and phenotypic polarisation on monocytes®’ /449483485

. In mice, lung-
marginated, Ly6C"" monocytes were shown to play a central role in the development of pulmonary
vascular inflammation and acute lung injury'®”:291:294299297  Therefore, the margination of Ly6C"e"

monocytes during endotoxaemia and its increased ability to take up MVs could potentially have

implications in the pathophysiology of sepsis-induced indirect ALI.

130



131



3.8 Conclusion

To understand the cellular and molecular biology involved in the uptake of MVs during inflammation,
in this chapter we investigated the mechanisms of MV uptake by lung-marginated monocytes in vitro
and their uptake dynamics in ex vivo IPL, using a generic source of MVs generated from J774A.1
macrophage cell line. In this study, we successfully characterised a PS-associated receptor
mechanism in the uptake of MV by lung-marginated Ly6C"9" monocytes. Although this monocyte
subset-specific homing of MV uptake to the lung during systemic inflammation may be relevant to the
development and evolution of ALI, the use of an in vitro cell line-generated MVs may not be
representative of the in vivo endogenously produced MVs during systemic inflammation. Therefore,
further functional studies using a disease-relevant, in vivo-derived endogenous MVs are necessary

to establish their physiological relevance in ALI.
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Chapter 4
Characterisation of MV production in
clinically relevant animal models of

extrapulmonary inflammation

Parts of the content of this chapter have been presented as a conference abstract:
Investigation into the Roles of Circulating Microvesicles Within the Pulmonary

Vasculature Using Ex Vivo Isolated Perfused Lung. Y. Y. Tan, K. P. O'Dea, A. Pac Soo,
M. Takata. American Journal of Respiratory and Critical Care Medicine 2019; 199: A7317.
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Chapter 4 Characterisation of MV production in clinically relevant animal

models of extrapulmonary inflammation
4.1 Abstract

Background

Sepsis/SIRS and acute kidney injury (AKI) are two most common extrapulmonary causes of acute
lung injury (ALI). Here, we compared the production of circulating MV subtypes between intravenous
LPS as a model of endotoxaemia, and kidney ischaemia reperfusion injury (IRI) as a model of AKI.
The models were also combined to assess potential modifications of the MV response in a sepsis-
related single peripheral organ injury. Our aim was to provide new insights into MVs as long-range
signalling messenger in the propagation of systemic inflammation and distant organ injury to the lung,

as potential crucial mediator in the development of ALI.

Methods

For kidney IRI, unilateral renal ischaemia was conducted in C57BL/6 mice via application of vascular
clamp on left renal artery and vein, or mice was sham operated as control. After 30min ischaemia,
the kidney was reperfused for 1h. For endotoxaemia model, mice were injected with moderate 2ug
dose of LPS via tail vein for up to 4h. For the combined model, unilateral renal ischaemia was
performed on low-dose LPS (20ng, i.v., 2h)-pretreated mice. After each procedure, blood was

collected, and the platelet-poor plasma processed for MVs analysis by flow cytometry.

Results

Unilateral renal ischaemia induced a significant increase in the circulating levels of platelet- and
endothelial-MVs. Smaller but significant increases were observed in neutrophil- and monocyte-MVs,
alongside with significant increased number of neutrophils and Ly6C"9" monocytes in the ischaemic
kidney at 1h post-ischaemia reperfusion. Pretreatment of mice with low-dose LPS prior to kidney IRI
increased numbers of marginated neutrophils and Ly6C"" monocytes in the ischaemic kidney and
the lungs further, but significantly reduced the circulating levels of endothelial- and platelet-MVs. In
the endotoxaemia model, systemic LPS injection produced significant increases in circulating
neutrophil- and monocyte-MVs at 1h post-LPS and their levels remained sustained up to 4h. In
contrast, MVs from other vascular cell types (endothelial-, platelet- and erythrocytes-derived)

remained relatively unchanged from normal untreated control levels throughout.

Conclusion

The MV subtype production profiles were distinct between the models of systemic inflammation and
sterile local organ injury. Further functional studies investigating the activity of these in vivo-generated
MVs are warranted in understanding their respective roles during pulmonary vascular inflammation

and their involvement in the disease pathogenesis of indirect ALI.
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4.2 Background

Experimental modelling of ALI in vivo has long been focussed on recreating features of human ARDS
in animal models, utilising a variety of overwhelming infectious and injurious insults including caecal
ligation puncture (CLP) model of sepsis, acid aspiration and high-volume mechanical ventilation.
However, as it is now appreciated that not one animal model of ALl is able to recreate all features of
human ARDS, merely aiming to recreate specific end-stage features of ARDS may hinder further
understanding of the disease pathogenesis. Especially in recent years, as direct and indirect ALI are
widely recognised as two distinctive forms based on their underlying causes, it is more important to
utilise relevant animal models representative of their respective underlying pathogenesis. Based on
the findings demonstrated in Chapter 3, we developed a central hypothesis that MVs released during
extrapulmonary inflammation plays a crucial role in inducing pulmonary inflammation via increased

interaction with lung-marginated monocytes, contributing to indirect ALI.

To obtain definitive insights into MV function within the pulmonary vasculature, we included two key
criteria in the modelling strategy: (1) provision of in vivo generated circulating MVs as an optimal
source for functional studies and (2) focus on IPL as a model of ALI to define pulmonary-specific MV
effects, eliminating any remotely or systemically generated responses to circulating MVs. Here as the
first step of the two-part modelling strategy, we aimed to evaluate two distinctive models of
extrapulmonary inflammation, which are clinically relevant to the contribution of indirect ALI, and to
characterise the production of circulating MVs therein. As peripheral organ injury and endotoxaemia
are common causes of indirect ALI, we chose renal ischaemia reperfusion injury (IRI) and intravenous
LPS model, and combination of both, to simulate extrapulmonary inflammation contributing to indirect

ALl in this investigation.

4.2.1 Acute kidney injury-induced ALI

Acute kidney injury (AKI) is a severe condition, where secondary injury in the lung is most frequently
presented as a common complication amongst other associating distant organ dysfunction*®®4¢’ The
development of lung oedema from AKI can result from either cardiogenic or non-cardiogenic causes,
attributed to either elevated left atrial pressure, or increased pulmonary capillary permeability due to
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inflammation*®®. Renal IRI is a well-established component in AKI leading to inflammatory cascades,
resulting in non-cardiogenic pulmonary oedema and inflammation*®®*°". Despite the implication of
soluble cytokine release and apoptotic signalling in the cascade of events leading from AKI to ALI*%%~
494 the inflammatory mechanism of AKl-induced ALl is not fully understood. /n vivo studies of AKI-
induced ALl often require severe renal failure to induce minor evidence of lung injury, produced mainly
via bilateral renal ischaemia for extended periods or bilateral nephrectomy***%. The induction of lung
oedema by bilateral nephrectomy indicates that in addition to renal IRI, uraemic toxin accumulation
from the loss of renal function is also involved in eliciting pulmonary injury*®®. However, the lung is

also susceptible to IRl in other organs such as the liver, intestines, gut and hind limb*%%-°%2

, suggesting
that the IRl component of AKI is a significant contributor to indirect ALI, independently of secondary
renal failure effects.

503,504

Interestingly, elevated level of endothelial-derived MVs have been found in renal failure patients

and the release of inflammatory MVs has been proposed as a pathogenic factor in renal IRI-induced

357,505 b335

ALI*°. Whilst the release of MV has been characterised in hepatic , cardiac**? and hind lim
models of IRI in vivo, MV studies in kidney-associated injury have focussed mainly on the role of
MSC-derived MVs in renal repair and recovery®®—>%_No supporting studies have demonstrated the
pro-inflammatory effect of MVs released during renal IRl in indirect ALI. Despite evidence of
inflammatory mediators released in the circulation and leukocytes margination to the lungs after renal
IRIP1%%12 " the inflammatory mechanism involved in the kidney-lung crosstalk remained elusive.
Activation and apoptosis of in vitro lung endothelial cells were observed when treated with serum of
mice that underwent bilateral renal ischaemia procedures***°'3 though it is unclear which component
in the serum elicited this response. We hypothesised that MVs are released locally at the site of injury

during kidney IRI, enter the pulmonary circulation via the venous return and plays a key role in

mediating AKl-induced ALl via interactions with lung-marginated cells or the pulmonary endothelium.

4.2.2 Sepsis-induced ALI
Sepsis is a well-known underlying risk factor in the development of ALI. Experimental models of

endotoxaemia induced by CLP or intravenous/intraperitoneal administration of LPS in rodents are
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most commonly used to emulate human sepsis as both models cause a hyperinflammatory state that
entails the release of a variety of soluble mediators. However, the kinetics and magnitude of cytokine
production profiles differ significantly between these two models. In LPS injection model, plasma
cytokine release peaked within early timepoints after injection, whereas CLP induced cytokine release
that continued over the course of 48h°'°'°  Although it has been suggested that the cytokines
production profile in CLP model mimic human sepsis more accurately, it is now appreciated that CLP
produces only a very mild degree of ALI before mice die due to sepsis itself. Moreover, the biological
complexity of the CLP model makes it unsuitable for studies that require clear distinction between
bacterial products and host-derived mediators. In contrast, LPS has been shown as a pivotal trigger
of gram-negative sepsis and the associated lung injury, representing a much more feasible and

reproducible model of sepsis or endotoxaemia.

In recent years, there has been an increasing focus on the role of MVs as biomarkers of sepsis or

380,425-428 429-431

SIRS*"", including that derived from platelets**'=*?*, leukocytes and endothelial cells

Where quantitative comparisons of MV subtypes has been undertaken, myeloid-, and primarily
neutrophil-derived MVs were the most acutely increased subtypes in sepsis/SIRS patients*?0:421:427.51¢
suggesting relationships with the disease pathogenesis. However, as MVs are produced rapidly in
response to inflammatory stimuli and their effects exerted during early stages of disease development,
the characterisation of MVs obtained from substantially ill patients may provide little to no information
on their actual biological activities. Yet, data on MV production during the prodromal period in SIRS
patients is not available. Although LPS treatment in human volunteers indicated an increase in
circulating MV level within hours**®, the functional analysis was focussed on pro-coagulant activity
rather than MV characterisation and quantification. In animal models studying circulating MVs,
sampling of blood in polymicrobial sepsis was performed relatively late (e.g. 24h) during the onset of
clinical symptoms*4°?17=5'% "while in the LPS models of endotoxaemia, kinetic analyses have again
been focussed on procoagulant activity of platelet-derived or tissue factor-expressing MVs®2°-°22,
When the effects of MVs were studied in ALI, systemic administration of in vitro-generated

erythrocyte-**'*4? and endothelial cell-derived****** MVs were used, showing an exacerbation of ALI

in MV-treated mice. However, the physiological relevance of these in vitro-generated MVs remained
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dubious. Therefore, for provision of MVs, single dose of i.v. LPS will be used in this study to induce
endotoxaemia as a non-infectious and physiologically relevant in vivo source of pro-inflammatory
MVs. This model not only provides precise in vivo response kinetics and reproducible levels of MV
production, the isolated MV preparation for subsequent functional studies will be free of unwanted

microbial products compared to CLP model.

4.2.3 Models development
In contrast to in vitro cell line-generated MVs described in the previous chapter, this chapter will focus
solely on MVs generated in vivo, eliminating various problems inevitable for in vitro experiments such

380,523’ WhICh

as stimulus- and culture condition-dependent MV production, phenotype and function
would significantly reduce the physiological relevance of those models. Here, we investigated the
production of circulating MVs in 3 different models of extrapulmonary inflammation: 1) kidney IRI, 2)
subclinical endotoxaemia with kidney IRI, and 3) clinical endotoxaemia. Our objectives were two-fold:
to establish the MV subtype profiles in single organ injury vs. systemic inflammation and to evaluate
the suitability of each model for further functional studies via adoptive transfer to recipient IPL in
subsequent studies. Our strategy included the avoidance of overwhelming inflammatory responses
and limiting the observation periods to acute timepoints to focus on MV production as part of the

primary response to each insult rather than as part of later and less defined phases of the in vivo

responses.
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4.3 Aims
To assess the production of MVs from animal models of sepsis and sterile peripheral organ injury, we
aimed to:
1) Develop a relevant model of kidney ischaemia reperfusion injury for the assessment of MVs
production during sterile inflammation.
2) Characterise the production of MV subtypes during kidney ischaemia reperfusion injury, in
combination with subclinical endotoxaemia by i.v. LPS pretreatment.
3) Characterise the production of MV subtypes during clinical endotoxaemia using a single bolus

i.v. LPS model.
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4.4 Methods

4.4.1 Induction of unilateral kidney ischaemia reperfusion injury (IRI)

Untreated or low-dose LPS (20ng, i.v., 2h)-pretreated mice were anaesthetised and subjected to
unilateral left kidney ischaemia for 30min, followed by 1h reperfusion. Sham-operated control mice
underwent similar anaesthesia and abdominal laparotomy without the application of the renal vascular
clamp. At the end of the procedures, mice were exsanguinated with 20Ul heparin via the IVC to collect
1ml of venous blood, and both kidneys and the lungs were harvested to prepare single cell

suspensions for flow cytometry analysis.

4.4.2 MV production from untreated or in vivo endotoxaemic mice
C57BL/6 mice were untreated or injected i.v. via tail vein with moderate dose of 2ug LPS to induce
endotoxaemia. At set time points (1, 2 and 4h) post-LPS challenge, mice were anaesthetised, and

blood exsanguinated via the IVC with 201U heparin to collect 1ml of venous blood.

4.4.3 Blood processing for MV quantification by flow cytometry

Blood was centrifuged at 1,000 x g for 10min at 4°C to remove cells and the plasma supernatant
centrifuged at 1,000 x g for a further 5min to obtain platelet-poor plasma (PPP) with minimal loss of
MV content. MVs in PPP were then analysed immediately by flow cytometry. Staining of MVs for
parental cell markers were summarised in Table 2.9 & Table 2.10. Note that we initially limited our in
vivo MV subtype staining strategy to two antibody fluorophore-conjugates (PE and APC). In the case
of neutrophil and monocyte (Ly6C"9" subset) MVs we used anti-CD11b and anti-Ly6G or -Ly6C,
respectively. However, this was found to be sub-optimal for clear separation of the subtypes by dot
plot analysis and in subsequent in vivo experiments we switched to the three antibodies combined
(PE, PE-Cy and APC). The reasoning for using two antibody/fluorochromes and its limitations for MV
subtype analysis in mouse blood are described in the Results section in this chapter. In addition to
subtype-specific markers (PE and APC), we also included annexin V (FITC) in staining mixes for

detection of phosphatidylserine (PS) as a potential ‘generic’ MV marker®24332-334,
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4.5 Results

4.5.1 Kidney ischaemia reperfusion injury (IRIl): a model of sterile peripheral organ injury
Model development and evaluation: Tissue distribution of neutrophils and monocytes
Published kidney IRl model protocols differ considerably depending on the purpose of studies,
primarily with respect to the use of unilateral or bilateral ischaemia, duration of ischaemia (20-60min)
and reperfusion period (1-96h)305:495-497.511.524-526 T gyoid the release of excessive apoptotic/necrotic
factors from the kidney as a result of extended ischaemic period, or uraemia as a result of loss of
renal function, we carried out a moderate unilateral renal ischaemia protocol of 30min to maintain
renal function in the contralateral kidney. Additionally, we aimed to optimise the IRl model for the
assessment of early MV release as a primary response to the local injury, thus we assessed
reperfusion within acute timepoints up to 4h in preliminary studies (data not shown) and found

significant production of MVs within 1h reperfusion.

To evaluate induction of local and remote inflammatory effects by the IRI protocol, we analysed the
distribution of inflammatory Ly6C"®" monocytes and neutrophils within the kidneys, lungs and in the
circulation. After 1h reperfusion, significant increases in the number of neutrophils (Figure 4.1) and
Ly6C"e" subset monocytes (Figure 4.2) were observed in the ischaemic left kidney compared to
sham-operated and untreated controls, suggesting an early margination or recruitment response at
1h post-reperfusion. In the kidney IRl mice, increased numbers of neutrophils were observed in the
blood, lungs and contralateral uninjured right kidney, indicating occurrence of neutrophilia during IRI,
in line with previously reported findings®'°. In sham-operated mice, neutrophil numbers increased, but
to a lesser extent, only reaching statistical significance in the lungs. Ly6C"" monocytes showed a
different picture, with no significant changes in blood, lungs or right kidney with some small statistically
non-significant decrease. These findings indicate that the unilateral renal IRl model produced an early
localised vascular inflammation in the ischaemic tissues and that in the case of neutrophils, this was
accompanied by systemic increases, although sham surgery appeared to contribute to this effect with

increased neutrophil margination in the lungs.
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Figure 4.1 Tissue distribution of neutrophils during kidney IRI in mice.

The kidneys, lungs and blood were harvested from mice after left kidney ischaemia (30min) and
reperfusion (1h), and from control untreated and sham-operated mice. Kidney IRl resulted in
significantly increased numbers of neutrophils in both kidneys and blood compared to sham-operated
mice, while significant increases were seen in all tissues compared to untreated control mice. Sham
operation elicited increase in neutrophil numbers in the lung compared to untreated. (Mean + SD,

n=4-6, *p<0.05, **p<0.01, ***p<0.001, one-way ANOVA with Bonferroni’'s multiple comparisons test.)
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Figure 4.2 Tissue distribution of Ly6C"¢" monocytes during kidney IRI in mice.

The kidneys, lungs and blood were harvested from mice after left kidney ischaemia (30min) and

reperfusion (1h), and from control untreated and sham-operated mice. Kidney IRl resulted in

significantly increased numbers of Ly6C"" monocytes in the ischaemic (left) kidney compared to

sham, while no significant increase was seen in all other tissues and blood. (Mean + SD, n=4-6,

*p<0.05, one-way ANOVA with Bonferroni’'s multiple comparisons test.)
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Analysis of MV subpopulations in mouse plasma by flow cytometry

In the previous chapter we analysed MVs produced from a single cell line and found the identification
of MVs possible using a single plasma membrane cell marker. Here, we aimed to identify circulating
MV subtypes derived from various vascular cell types including endothelial cells, platelets,
neutrophils, macrophages and monocytes. We identified each MV subtype based on antibody staining
of 2-3 surface markers conjugated with bright fluorophores using flow cytometry, either PE and

APC/AlexaFluor 647 and others including PE-Cy7 that minimised spectral overlap.

During preliminary kidney IRI experiments, we evaluated different antibodies and staining strategies.
Of several markers tested for the identification of endothelial-MVs including CD144, CD146 and
CD105, we found that CD31 produced a more consistent measurement. As CD31 is also likely to be
expressed on platelets, endothelial MVs were identified by the expression of CD31, and the lack of

CD41 expression, a platelet-specific marker®?’

. CD11b was used to identify myeloid-derived MVs and
these were then double stained with Ly6G or Ly6C to identify their neutrophil or monocyte origin. In
the kidney IRI model the final antibody panel for MVs was: platelet-derived (CD41+), endothelial-
derived (CD31+, CD41+), neutrophil-derived (CD11b+, Ly6G+), monocyte-derived (CD11b+, Ly6C+)

(Figure 4.3). Macrophage-derived MVs was also assessed on the basis of their F4/80 expression

(higher than monocytes) and CD45, but we did not detect any MVs using these markers.
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Figure 4.3 Flow cytometry gating of MVs in mouse plasma during kidney IRI.

Circulating MVs from unilateral kidney IRI (30min ischaemia, 1h reperfusion) mouse plasma were

characterised by flow cytometry. Surface markers used for MV identification were: platelet-MVs
(CD41+), endothelial-MVs (CD31+, CD41-), neutrophil-MVs (CD11b+, Ly6G+), monocyte-MVs

(CD11b+, Ly6C+) and macrophage-MV's (CD45+, F4/80+). (Representative figure, n=1)
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Production of MVs during kidney ischaemia reperfusion injury (IRI)

Using these gating strategies, we found a significantly elevated level of all MV subtypes investigated
(platelet, endothelial, neutrophil- and monocytes-derived) at 1h reperfusion after 30min unilateral
renal ischaemia in mice, as compared to sham-operated and control untreated mice (Figure 4.4).
Interestingly, significantly increased levels of CD11b+Ly6C+ monocyte-MVs were detected in sham
operated mice compared to untreated control, suggesting specific activation of monocytes from sterile
abdominal surgery alone. However, the largest increase specific to IRl was that of platelet-MVs and

endothelial-MVs, suggestive of primary haemostasis and injury to vessel walls.
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Figure 4.4 Circulating MV subtypes during kidney IRI in mice.

Circulating MV subtypes were quantified in plasma of mice by flow cytometry after left kidney
ischaemia (30min) and reperfusion (1h) and from sham-operated and control untreated mice.
Significant elevation of circulating MVs from platelets (CD41+), endothelial cells (CD31+, CD41-),
neutrophils (CD11b+, Ly6G+) and monocyte-MVs (CD11b+, Ly6C+) were detected in the plasma of
kidney IRl mice, as compared to both sham operated and control untreated mice. Sham operation
elicited significant increase in monocyte-MVs compared to untreated controls. (Mean + SD, n=4-6,
*p<0.05, **p<0.01, ***p<0.001, one-way ANOVA with Bonferroni’'s multiple comparisons test).
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4.5.2 Kidney IRI with subclinical endotoxaemia: a model of SIRS and peripheral organ injury
Model development and evaluation: Tissue distribution of neutrophil and monocyte

AKIl occurs frequently in sepsis patients and may be a major trigger for indirect ALI. To investigate the
potent interaction of a preceding systemic inflammation and AKI on MV production, we used a
subclinical non-injurious LPS-pretreatment (20ng, i.v., 2h) in combination with kidney IRI procedure
(30min ischaemia and 1h reperfusion) to enable evaluation of any interaction between preceding

endotoxaemia and the superimposed AKI.

As before, we assessed the trafficking of neutrophils and Ly6C"9" monocytes to obtain a picture of
the local and systemic inflammatory responses. LPS pretreatment produced a striking several-fold
increase in neutrophil recruitment to the ischaemic kidney during IRI (Figure 4.5). Although the
number of experiments performed were low (n=2-4), there was evidence of neutrophilia and increases
in neutrophils in the contralateral kidney and the lungs with LPS pretreatment, regardless of the
surgery performed (untreated, sham-operated or IRI). A different pattern was observed with Ly6C"9"
monocytes, with LPS-pretreatment induced increases in both kidneys and the lungs, regardless of
the surgery performed (untreated, sham-operated or IRI) (Figure 4.6). In contrast to neutrophils in
LPS-pretreated mice, there appeared to be no enhanced recruitment of monocytes to the injured
kidney or increase in circulating monocytes by LPS pretreatment. These results indicate distinctive
trafficking behaviour of neutrophils and monocytes during local organ injury when superimposed with
a relatively mild systemic inflammation, both of which could have an impact on their activation states

and MV release.
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Figure 4.5 Tissue distribution of neutrophils during kidney IRl in untreated and LPS-pretreated
mice.

Both kidneys, the lungs and blood were harvested from mice after left kidney ischaemia (30min) and
reperfusion (1h) and from control untreated and sham-operated mice, with or without prior LPS-
pretreatment (20ng, i.v., 2h). LPS-pretreatment resulted in significant increased numbers of
neutrophils in the ischaemic (left) kidney compared to non-LPS-treated IRl mice and sham-operated
LPS-pretreated mice. Significant increases were also seen in the contralateral right kidney and the
lung with LPS-priming, regardless of surgery performed (untreated, sham-operated or IRI). (Mean *
SD, n=2-4, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, two-way ANOVA with Bonferroni’s multiple

comparisons test).
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Figure 4.6 Tissue distribution of Ly6C"9" monocytes during kidney IRI in untreated and LPS-

pretreated mice.

Both kidneys, the lungs and blood were harvested from mice after left kidney ischaemia (30min) and

reperfusion (1h) and from control untreated and sham-operated mice, with or without prior LPS-

pretreatment (20ng, i.v., 2h). LPS-pretreatment resulted in significantly increased numbers of Ly6C"9"

monocytes in all tissues, but not the blood, regardless of surgery performed (untreated, sham-

operated or IRI). No difference was detected between sham operation and IRl with LPS-pretreatment.
(Mean = SD, n=2-4, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, two-way ANOVA with Bonferroni’s

multiple comparisons test).
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Analysis of MV subpopulations by flow cytometry

In these experiments with low-dose LPS-pretreatment before kidney IRI, we observed substantial
increases in circulating monocyte- and neutrophil-MVs, which revealed some limitations of the flow
cytometry staining and gating strategy for myeloid MV subtypes (Figure 4.7). Using anti-CD11b and
anti-Ly6C antibodies, two CD11b+, Ly6C+ MV subpopulations were apparent with higher MV
numbers: a CD11b+, Ly6C+ population previously designated as Ly6C"" monocyte-derived and a
population with lower Ly6C expression ‘CD11b+, Ly6C-low’. Subsequent analysis using Ly6C and
Ly6G staining together (see Figure 4.9), indicated that CD11b+, Ly6C-low MVs were neutrophil-
derived (Ly6G+), whereas CD11b+, Ly6C+ were Ly6C"9" monocyte-derived (Ly6G-). The data for
monocyte MVs were therefore based on gated CD11b+, Ly6C+ MVs, but all other MVs were identified
as before (endothelial and platelet-MVs). Again, we did not find an F4/80+ population and these data

are not included in the analysis.
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Figure 4.7 Flow cytometry gating of MVs in mouse plasma during kidney IRl with LPS-
pretreatment.

Circulating MVs from LPS (20ng, i.v., 2h)-pretreated, unilateral kidney IRl (30min ischaemia, 1h
reperfusion) mouse plasma were characterised by flow cytometry. Surface markers used for MVs
identification were: platelet-MVs (CD41+), endothelial-MVs (CD31+, CD41-), neutrophil-MVs
(CD11b+, Ly6G+), monocyte-MVs (CD11b+, Ly6C+) and macrophage-MVs (CD45+, F4/80+).
(Representative figure, n=1)
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Production of MVs during kidney IRI with subclinical endotoxaemia

As suggested by the flow cytometry dot plots, we found that low-dose LPS pretreatment produced

very large increases in circulating myeloid MV subtypes (neutrophil- and monocyte-MVs) relative to

kidney IRI but there was no obvious increase between LPS-pretreated sham, and LPS-pretreated IRI

mice (Figure 4.8). In sharp contrast, LPS-pretreatment elicited a significant decrease in circulating

platelet- and endothelial-MVs during kidney IRI, as compared to non-LPS-pretreated IRI mice.
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Figure 4.8 Circulating MV subtypes during kidney IRl in untreated and LPS-pretreated mice.

Circulating MV subtypes were quantified plasma of mice by flow cytometry after left kidney ischaemia

(30min) and reperfusion (1h) and from control untreated and sham-operated mice, with or without
prior LPS-pretreatment (20ng, i.v., 2h). LPS-pretreatment resulted in significant reduction in platelet-
and endothelial-MVs compared to non-LPS-pretreated mice during kidney IRI. Increased levels of
monocyte- and neutrophil-MVs were observed in LPS-pretreated mice, regardless of surgery
performed (sham-operated or IRI). (Mean + SD, n=2-4, **p<0.01, ***p<0.001, ****p<0.0001, two-way

ANOVA with Bonferroni’s multiple comparisons test.)
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4.5.3 Intravenous LPS: a model of systemic inflammation
Our aim was to investigate MV production kinetics during acute endotoxaemia but to avoid the severity
of the clinical response and minimise secondary physiological effects that could affect MV production

and recovery. Based on previous studies of LPS dose response in the group'®?%!

, a single bolus,
moderate 2ug/mouse dose of LPS was used, which produced minor or no visible clinical symptoms
(e.g. lethargy, huddling or piloerection). As this model has been thoroughly elaborated by our group

previously'®

, ho further model development was conducted.

Analysis of MV subpopulations by flow cytometry.

Due to the limitations identified from the use of 2 antibody fluorophore-conjugates staining described
above, we expanded the staining panels to 3 antibody fluorophore-conjugates to differentiate
neutrophil- and monocyte-MVs with higher precision. In addition to platelet-, endothelial-, neutrophil-,
monocyte- and macrophage-MVs, we also investigated erythrocyte-MVs in this model, as they have
been shown to induce indirect ALI in vivo®®'4*2. Additional MV detection panels such as CD3 and
CD19 were also tested for the detection of lymphocyte-derived MVs, as well as F4/80 and CD45 for
macrophage-derived MVs. However, levels of lymphocyte- and macrophage-MVs were undetectable
within the acute timepoints (up to 4h) investigated (data not shown). Using these gating strategies,
plasma MVs from either untreated or LPS-treated mice were analysed. MVs identified include
neutrophil-MVs (CD11b+, Ly6C+, Ly6G+), monocyte-MVs (CD11b+, Ly6C+, Ly6G-), platelet-MVs
(CD41+), endothelial-MVs (CD31+, CD41-) and erythrocyte-MVs (TER-119+) (Figure 4.9). As we

were mainly interested in MVs released by vascular cell types**?, no further markers were examined.
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Figure 4.9 Flow cytometry gating of MVs in mouse plasma.

Circulating MVs from LPS (2ug, i.v., 1h)-treated mouse plasma were characterised by flow cytometry.
MVs identified include neutrophil-MVs (CD11b+, Ly6C+, Ly6G+), monocyte-MVs (CD11b+, Ly6C+,
Ly6G-), platelet-MVs (CD41+), endothelial-MVs (CD31+, CD41-) and erythrocyte-MVs (TER-119+).
(Representative figure, n=1)
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Kinetics of circulating MVs during endotoxaemia.

A marked elevation of circulating neutrophil-derived MVs (~100-fold) was observed at 1h post-LPS
(Figure 4.10), which decreased over time but remained higher than baseline up to the 4h timepoint.
These findings demonstrate that neutrophil-derived MVs (CD11b+Ly6C+Ly6G+) are the most acutely
increased circulating MV subtype following systemic LPS challenge, consistent with observations in
patients during early-stage infectious and sterile SIRS in the bloodstream*?®4?’. The same pattern
was observed with monocyte-derived MVs (CD11b+Ly6C+Ly6G-) with acute and sustained elevation,
albeit at much lower baseline and induced levels (~20-fold). In contrast, level of MVs derived from

platelets, endothelial cells and erythrocytes were relatively high at baseline but did not change over

the investigated timepoints with LPS challenge.
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Figure 4.10 Kinetics of in vivo MVs production following i.v. LPS challenge.

Circulating MV subtypes were quantified plasma of mice by flow cytometry following i.v. 2ug LPS
injection up to 4h. Significant elevation of circulating neutrophil-derived MVs (~100-fold) and
monocyte-derived MVs (~20-fold) was observed at 1h timepoint, as compared to untreated control
mice. No significant increase in the level of MVs released by other vascular cell types (platelet-,
endothelial-, erythrocyte-derived) was detected. (Mean + SD, n=3-6, ***p<0.001, ****p<0.0001, one-

way ANOVA with Bonferroni’s multiple comparisons test)
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4.5.4 PS expression on circulating MV subtypes (all models)

In addition to MV subtype-specific markers, all PPP were co-stained with annexin V for evaluation of
PS expression on MVs in all three of the models investigated. Although PS translocation is often
considered an essential step in the MV release process and surface PS expression on MVs has been

432 its detection by annexin V varied considerably here, in an all or none

evaluated in sepsis patients
fashion, both between the different MV subtypes and between the injury models (summarised in
Figure 4.11). Distinctive patterns in the annexin V staining included the relatively higher proportion of
annexin V+ platelet- and endothelial-MVs in the kidney IR model that appeared to be lost with LPS-
pretreatment, and the lack of annexin V staining in neutrophil- and monocyte-MVs in the
endotoxaemia models. These preliminary findings using controlled physiological models of organ

injury and endotoxaemia suggest that PS expression may be an important tool to dissect out

circulating MV dynamics in relation to different systemic insults.
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Figure 4.11 Representative histograms of PS expression on MV subtypes during kidney IRI,
kidney IRI with subclinical endotoxaemia and clinical endotoxaemia models.

Plasma MVs obtained from mice underwent 30min unilateral renal ischaemia with 1h reperfusion
(kidney IRI), i.v. 20ng LPS (2h) prior to kidney IRI, or i.v. 2ug LPS (1h) treatments, were analysed
based on their cellular origin subtypes (platelet-, endothelial-, neutrophil- and monocytes-derived).
Each MV subtypes was then quantified based on their annexin V binding (x-axis), as an indicator of
PS expression. Percentage of annexin V- and annexin V+ subpopulations in each MV subtypes were
indicated by horizontal bars drawn across each histogram peaks. (Representative figure, n=1 from

each treatment group)
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4.6 Discussion

4.6.1 Summary

This chapter investigated the early production of MVs during a sterile peripheral organ injury and
systemic inflammation, and combination of both, using models of kidney IRI and intravenous LPS.
Kidney IRI elicited substantial increases in the level of platelet- and endothelial-MVs, and smaller but
significant increases in monocyte- and neutrophil-MVs were also observed. In contrast, the LPS
model of endotoxaemia induced an exclusive increase in neutrophil- and monocyte-MVs.
Interestingly, low-dose LPS treatment prior to kidney IRl reduced the number of platelet- and
endothelial-derived MVs to baseline levels, suggesting a substantial shift in their production or
clearance rates, requiring further investigation. Post hoc analysis showed that PS expressions of each
MV subtype varied considerably between subtypes and between each inflammatory model
investigated. Collectively, we found that the MV production profile differed significantly between sterile
peripheral organ injury and systemic inflammation, where different subtypes of circulating MVs could
have differing roles in the propagation of extrapulmonary inflammation and in the modulation of

indirect ALI.

4.6.2 Kidney IRI cell biology

It is often clinically unclear if sepsis/SIRS occur as a cause or consequence of AKI, as 40% of AKI
patients were found to develop sepsis after AKI diagnosis and 28% had sepsis before development
of AKI®®. Therefore, the development of indirect ALI can result from the effect of superimposed
mediators released from both AKI and sepsis, adding complexity to the disease pathogenesis. We
employed moderate local (unilateral kidney ischaemia) and systemic (endotoxaemia) treatments and
measurements within acute timepoints to focus on MV production in response to the initial insult rather
than any secondary systemic responses. In the case of AKI-induced indirect ALI, the published
models usually employ an ischaemic period of >30min and ligation of both kidneys to induce high
mortality and morbidity, limiting the ability to discern the direct relationship between the kidney-lung
crosstalk versus the secondary systemic responses to renal failure®®. Therefore, we used a unilateral
ischaemia of moderate duration (30min) with the function of the contralateral kidney retained to avoid

renal dysfunction toxicity. As evidence of leukocytes margination was reported within 2h post-
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ischaemia®'® and evidence of lung inflammation reported within 4h post-ischaemia*®®, we carried out
preliminary studies comparing circulating MVs levels during acute reperfusion timepoints at 1h. This
protocol was of sufficient severity to elicit the early recruitment of neutrophils and monocytes to injured
kidney, as well as evidence of systemic neutrophil increases. Moreover, following kidney IR there
were consistent increases in circulating levels of platelet-, endothelial-, neutrophil- and monocyte-
MVs. It may be speculated that in this early post-ischaemic period, circulating MVs are derived from
in the injured kidney as part the local response to IRIl. Moreover, at least some of the systemically
released MVs are likely to interact with or be taken up by cells within the pulmonary vasculature. It is
of note therefore that neutrophil numbers increased in the lungs, but this appeared to be in response

to the abdominal surgery rather than the kidney IRI.

4.6.3 MV production during AKI and IRl in other organs.
Our findings that circulating platelet- and endothelial-derived MVs were the predominant subtypes

530,531 and

following kidney IRI are in line with clinical findings in patients with chronic kidney disease
chronic renal failure®®**%, However, our study appears to be the first evaluation of acutely released
MVs during the development of kidney injury. Acute production of MVs has been described in other
models of single organ IRI, particularly liver (endothelial-, platelet- and neutrophil-MVs)*® and heart
(platelet-MVs)**, suggesting shared mechanisms of induction. Although the exact mechanism of MV
production during IRI is unclear, various DAMPs, cytokines and the complement system have been

533-536

implicated in the inflammatory mechanism of IRI, including ATP, ROS, C5a and TNF-a , all of

which are potent inducers of MVs production.

AKI and indirect ALI are often associated with a background of systemic inflammation due to various
causes (e.g. sepsis, major surgery, trauma), which interact with kidney ischaemia as part of the injury
process. In these cases, MVs entering the pulmonary circulation are likely to be a product of both
local and systemic inflammation. We hypothesised that the increased level of endothelial- and
platelet-MVs we observed here were reflective of endothelial dysfunction and a pro-thrombosis state
as a result of vascular injury from IR. Although circulating neutrophil- and monocyte-MVs were lower

than that of endothelial- and platelet-MVs, their levels were consistently increased during IRI. Our
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results showing the tissue distribution of neutrophils and Ly6C"" monocytes suggest the potential of
MV production by these marginated cells at the site of injury as an acute response, however these

findings may require real-time multiphoton imaging for further verification.

4.6.4 Two-hit model of AKI

We performed a low-dose LPS systemic challenge, aiming to ‘prime’ the inflammatory responses to
kidney IRI and to better simulate the AKI conditions during sepsis. The LPS-pretreatment produced a
more pronounced neutrophil recruitment to the injured kidney, presumably due to increased
availability of neutrophils mobilised from the bone marrow reservoir'®’. Furthermore, LPS produced
increased numbers of circulating neutrophil- and monocyte-derived MVs, albeit through enhancing
the response to sham surgery rather than a specific potentiation of IRI-induced MV production.
However, a very different phenomenon was produced with levels of circulating platelet-MVs and
endothelial cell MVs. Unlike the myeloid-MVs, levels of endothelial- and platelet-MVs did not increase,
but rather decreased with LPS-pretreatment in IRI mice, returning close to baseline levels. We can
consider two likely explanations for this intriguing phenomenon. First, pre-exposure of animals to LPS

has been shown to induce tolerance to renal IRI>*"* and IRI in other organs®¥%->%

, @ phenomenon
called endotoxin tolerance, potentially via immunosuppressive responses in circulating monocytes®*-
% We consider this explanation less likely due to the relatively low-dose of LPS used and the
apparent selectivity of the suppressive effect being applied only to platelet- and endothelial-MVs.
Second, we speculate the reduced levels of these MVs reflect a combination of their lack of increased
production by LPS (as compared to myeloid-MVs) and their enhanced clearance during systemic
inflammation. Circulating platelet-MVs have previously been shown to have very short half-lives*®,
so the dynamics of their clearance is certainly an important determinant of their apparent levels in the
circulation. Although further investigation on the total production of MVs during kidney IRl via depletion
of intravascular macrophages could shed light on the understanding of the response dynamics,

depletion of monocytes/macrophages has been shown to protect animals against renal IRI>*%,

precluding this investigative approach.
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4.6.5 MV production during endotoxaemia.

In contrast to propagation of inflammation from a single organ injury model, we investigated MV
production in LPS-induced endotoxaemia as a response to generalised inflammation initiated
throughout the vasculature. As a single insult, moderate dose of LPS produced large and sustained
increases in neutrophil-MVs and to a lesser degree, monocyte-MVs. The dichotomy with non-myeloid-
MVs was evident again, with no detectable increases in circulating platelet-, endothelial- or
erythrocyte-derived MVs. These differences in MV subtype profiles presumably reflect the
responsiveness of their parent cells to LPS or secondary in vivo generated MV-inducing agonists (e.g.

cytokines). Our data on the early increases in myeloid-MVs resemble those in acute sepsis*®, burns

427 8438,548

patients™’ and healthy volunteers injected with LP , although significant increases in non-
myeloid-MVs were also observed. In animal models of polymicrobial sepsis (CLP), increased levels
of various MV subtypes including monocytes-, neutrophils-, endothelial- and platelet-derived MVs,
were consistently observed, but at a much later timepoints (>24h)*%>""=51% |n LPS models of
endotoxaemia, MV subtypes (their cell type origin) were not often characterised, and instead, MVs
analyses were focussed mainly on tissue factor expression and their associated procoagulant
activity®®22_ Here in this study, we carried out a thorough characterisation of MV subtypes during
acute phase of endotoxaemia. Based on the rapid release and abundance of myeloid-derived MVs in

plasma during endotoxaemia, we hypothesise that myeloid-MVs may play a significant role in eliciting

pulmonary vascular inflammation during systemic inflammation.

4.6.6 Phosphatidylserine (PS) expression on MVs.

We assessed MV subtype expression of surface PS expression using Annexin V, a calcium-
dependent phospholipid-binding protein that has a high affinity for the anionic phospholipid PS.
Although the release of annexin V+ MV has been described in several models of IRI in vivo33®3°7452:505
our data showed that a mixture of annexin V+ and annexin V- MVs were present in circulating blood.
Assuming annexin V binding we measured was a direct representation of PS expression levels, then
the findings are consistent with presence of distinct PS+ and PS- subpopulations of MVs described

previously in various in vitro and in vivo models®**-3%¢_ Although PS expression may not have value

as a generic marker of MVs, it remains an important indicator of MV functionality in relation their roles
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in potentiating coagulation reactions®**-328

, Which is critical to specific disease processes such as IRI.
PS expression is also a primary determinant of MV uptake by mononuclear phagocytes as described
in Chapter 3. On this basis, we speculate that differences in MV PS expression may affect their
residence time within the circulation and this may vary between the subtypes and the different in vivo
model insults. For instance, high proportion of annexin V+ platelet- and endothelial-MVs following
kidney IRI was lost with LPS-pretreatment, coinciding with their reduction in circulating levels.
Interestingly, the scavenging of PS-expressing MVs using diannexin was shown to protect against

liver IRI37>49

, suggesting important pathological role of PS-expressing MVs in IRI. Although PS
expression may provide additional insights in the disease evolution and may serve as a useful
biomarker (e.g. higher level of PS-expressing MVs in patients may indicate IRl occurrence in septic
patients), PS expression-based MV characterisation studies may require more cautious

432,434,550-552

interpretation , as MV subtypes that express lower level of PS may be missed.
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4.7 Conclusion

As the first step to understand the role of MVs in the pathogenesis of indirect ALI, in this chapter we
investigated mechanisms of extrapulmonary inflammation as clinically relevant drivers of the disease:
(1) organ injury related to local vascular inflammation (kidney IRI) and (2) direct induction of systemic
inflammation (LPS-induced endotoxaemia). Compared to in vitro-generated MVs, in vivo produced
MVs represent a more physiologically relevant source, suitable for evaluating in vivo remote organ
injury effects, such as indirect ALI. Previous studies have demonstrated effects of in vitro-generated
MVs from erythrocytes and human endothelial cells in rodent models of indirect ALI*¥' 442744 put the
relevance of this approach to indirect ALI arising from endogenously-generated MVs is questionable.
Thus, despite providing invaluable insights, in vitro MVs generated from single population of cells with
cell-specific stimuli may not be representative of endogenously produced MVs in vivo. However, there
are major challenges that limit the use of in vivo-derived MVs, primary amongst these are the mixture
of MV subtypes, the limited numbers of MVs available due to rapid RES clearance and the
complexity/reproducibility of in vivo challenge models. To some extent, we were successful in

addressing the latter point in the design of organ and systemic inflammation models here.
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Chapter 5
Pilot studies on activity of circulating

microvesicles in an IPL model of indirect

ALI

Parts of the content of this chapter has been presented as a conference abstract:
Investigation into the Roles of Circulating Microvesicles Within the Pulmonary

Vasculature Using Ex Vivo Isolated Perfused Lung. Y. Y. Tan, K. P. O'Dea, A. Pac Soo,
M. Takata. American Journal of Respiratory and Critical Care Medicine 2019; 199: A7317.
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Chapter 5 Pilot studies on activity of circulating microvesicles in an IPL

model of indirect ALI

5.1 Abstract

Background

Microvesicles (MVs) have been implicated as biomarkers and mediators of sepsis pathophysiology,
but their specific roles in the pathogenesis of indirect acute lung injury (ALI) remain undefined. We
recently demonstrated that endotoxaemia markedly enhanced uptake of circulating MVs by lung-
marginated monocytes, suggesting that systemic inflammation may substantively enhance the effects
of MVs in the lungs. Previous studies on the potential roles of MVs in indirect ALl have been limited
to injections of in vitro-generated MVs into mice, which do not define the direct effects of MV within
the pulmonary vasculature, nor reveal the properties of endogenously released circulating MVs. Here,
we use a novel approach to address the role of MVs in indirect ALI, directly assessing the biological
activities of MVs within the lungs using ex vivo isolated perfused lung (IPL) challenged with in vivo-
generated MVs derived from endotoxaemic ‘donor’ mice.

Methods

C57BL/6 mice were injected with a moderate dose of LPS (2ug, i.v., 1h) and plasma MVs were
isolated by differential centrifugation. The IPL was prepared from a separate mouse, untreated or
pretreated with low-dose LPS (20ng, i.v., 2h). MVs recovered from one donor mouse were directly
infused into the IPL perfusate buffer and recirculated for 4h. Lung oedema was determined by wet-
to-dry weight ratio and BALF protein levels, and cell activation by flow cytometric analysis of lung
single cell suspensions, and soluble mediators in perfusates by ELISA.

Results

MVs from LPS-treated mice, but not untreated mice, induced upregulation of ICAM-1 and VCAM-1
on endothelial cells, and CD86 on Ly6C"" monocytes and interstitial macrophages (CD11b+, F4/80+,
Ly6C-low, MHCII+) in IPLs of LPS-pretreated mice, but not IPLs of non-LPS-pretreated mice.
However, MVs from both control and LPS-treated mice did not induce significant increases in lung
permeability or perfusate cytokines measurements, both of which reach relatively high baseline levels
in LPS-pretreated IPLs during the 4h perfusion period without MV treatment.

Conclusion

We successfully developed a mouse model of in vivo MV-to-ex vivo IPL challenge to simulate indirect
ALI. These preliminary findings showed, for the first time, that in vivo-generated MVs are capable of
directly modulating pulmonary vascular inflammation in the absence of any systemic factors. Despite
the evidence of MV-induced activation of endothelial cells and lung-marginated monocytes, we
consider that further definition of the in vivo MV preparation and modification of the IPL protocol are

necessary to investigate the contribution of endogenously released, circulating MVs to indirect ALI.

165



5.2 Background

5.2.1 MVs in sepsis-induced ALI

Despite several in vivo and clinical studies demonstrating an increased level of circulating MVs in
animal models of sepsis and sepsis patients as discussed in Chapter 4, the inflammatory functions of
these MVs and their contribution to organ-specific inflammation/injuries has not been defined. The
clinical evidence appears to be contradictory in the relationship between circulating MVs and clinical
severity in SIRS patients. We recently observed direct correlations between circulating neutrophil-
MVs (CD66b+/CD11b+) and clinical severity in severe burns injury patients admitted to the ICU**’.
Others have also reported that neutrophil-MVs are associated with mortality in critically-ill patients
admitted to ICU®7, and increased level of endothelial-derived, ACE-positive MVs serve as an

*31 In contrast, some studies found an inverse

predictor of ARDS development in septic patients
correlation between MV levels with disease outcome. In ARDS patients, higher level of circulating
leukocyte-MVs (CD45+) were found to associate with better survivor outcome**®. In sepsis patients,
higher levels of circulating MV (Annexin V+) levels correlated with lesser chance of developing

ARDS**, and higher levels of endothelial- (CD31+/CD42-) and platelet-derived (CD31+/CD42+) MVs

were found to predict more favourable outcome in mortality and organ dysfunction®3®.

When functional activities of sepsis-associated MVs were studied, MVs (mainly platelet-derived) from

septic patients were shown to induce apoptosis on vascular endothelial cells in vitro**

, whereas MVs
(mainly leukocyte-derived) obtained from septic rats that underwent CLP were found to induce
systemic vasodilation in vivo*®. In contrast, protective effects of total MVs (mainly platelet- and
endothelial-derived) from septic shock patients has also been reported in the maintenance of vascular
reactivity in vivo*®. In the context of indirect ALI, systemic administration of in vitro-generated MVs

391442 and human endothelial cells****** have been shown to produce some features

from erythrocytes
of indirect ALI in mice in vivo. However, it is unclear if these responses measured in vivo developed
from direct effects of MVs within the pulmonary vasculature or secondary to MV-induced systemic
responses. Moreover, as cells may release qualitatively distinctive MV phenotypes depending on the
inducing stimulus, functional studies using in vitro generated MVs may not be representative of MVs

generated under in vivo conditions where parent cells encounter multiple agonists and vascular-bed
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specific environments, thereby affecting their MV generation and phenotype. There is, therefore, a
need to perform more defined and systematic modelling of circulating MV production in vivo and their

direct effects within the pulmonary vasculature contributing to indirect ALI.

5.2.2 Pulmonary vascular inflammation during indirect ALI

To produce acute lung injury symptoms in animal models arise from extrapulmonary causes, “two-hit”
models were commonly used to reproduce comorbidities and risk factors present in patients®*. For
example, combination of intraperitoneal endotoxin injection or fecal peritonitis with “second-hit”
intratracheal acid aspiration, intestinal ischaemia-reperfusion or haemorrhage were used to induce
full-blown pulmonary oedema®*>*". However, whilst these injurious models are useful for the
endpoint injury measurements, they are less helpful in the understanding of specific mediator release
and their direct role in disease pathophysiology and propagation mechanism. Instead, a reductionist
approach in disease modelling such as the IPL allows a more systematic approach in the

understanding of the direct effects of MVs in elicitng pulmonary vascular inflammation and injury.

We previously utilised the mouse IPL system to investigate uptake of in vitro produced MVs by lung
vascular cells (Chapter 3). The exclusion of systemic factors, including uptake within other vascular
beds, enabled us to quantify changes in uptake by different pulmonary cell populations during
subclinical endotoxaemia. As a next step in elucidating the pulmonary-specific biological roles of
circulating MVs, we decided to investigate the feasibility of a direct adoptive transfer of circulating
MVs from a donor mouse into a recipient IPL. With characterisation of circulating MV subtype
production profiles in the kidney IRI and intravenous LPS models described in the previous chapter,
we considered the suitability and benefits of each model. Based on the higher levels of circulating
MVs produced and various technical considerations, the moderate dose LPS-induced endotoxaemia
model was chosen over the IRI model for this investigation. Although not investigated further in this
study, the role of MVs released during the ‘sterile’ isolated kidney injury in propagation of inflammation

to the lungs would be an important system for future investigation.
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5.3 Aims
Based on the previously described phenomena of increased MV uptake in the lungs and increased
levels of circulating myeloid-MVs during endotoxaemia, we hypothesised that transfer of MVs from
moderate-dose LPS-treated mice to the IPL of low-dose LPS-pretreated mice would lead to
pulmonary vascular inflammation and lung oedema. To test this, we aimed to:

1) Develop and optimise a prolonged isolated perfused lung (IPL) system for transfer and

evaluation of in vivo-derived MV function.
2) Compare the inflammatory/injurious activities of MVs from untreated and LPS-treated donor

mice in the IPL from untreated and LPS-pretreated mice.
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5.4 Methods

5.4.1 MV production from untreated or in vivo endotoxaemic mice

C57BL/6 mice were untreated or injected i.v. with 2ug LPS for 1h. Mice were anaesthetised and 1ml
of blood was exsanguinated with 201U heparin via the IVC. Blood was centrifuged at 1,000 x g for
10min at 4°C to remove cells and the plasma supernatant centrifuged at 1,000 x g for a further 5min
at 4°C to obtain platelet-poor plasma (PPP). PPP was centrifuged at 20,000 x g for 30min to pellet
MVs. MVs were washed and resuspended in pre-warmed IPL perfusate buffer for infusion into the
IPL circuit. Total preparation of MVs obtained from one donor (untreated or LPS-treated) was

adoptively transferred to one IPL recipient (1:1 donor-to-recipient treatment ratio).

5.4.2 Ex vivo isolated perfused lung (IPL)

IPLs were prepared from untreated or low-dose LPS (20ng, i.v., 2h)-pretreated C57BL/6 mice. In brief,
IPL was perfused with RPMI-1640 supplemented with 4% (v/v) BSA-RPMI at a rate of 25 ml/kg/min
and ventilated with 5%CO, at 5cmH,0O PEEP, 6-7ml/kg tidal volume and sustained inflation performed
at 25cmH-0 at every 15min interval. Total preparation of MVs from one donor mouse (untreated or
LPS-treated) were infused into the non-recirculating perfusion circuit of IPL for 4h (Figure 5.1). Basic
randomisation was performed by alternating MV treatments (from untreated and LPS-treated mice)
in the IPL to avoid system drift effects and to identify anomalies. At the end of 4h experimentation,
IPL perfusate was collected for analysis of soluble cytokines by ELISA after removal of residual cells
and MVs by centrifugation at 300 x g for 10min followed by 20,000 x g for 30min. The right lower lobe
of the lungs was tied off and oedema was determined by wet-to-dry weight ratio measurement and
the remainder of the lungs was lavaged with 0.65ml of saline to collect bronchoalveolar lavage fluid

(BALF). The left lung was used to prepare single cell suspension for flow cytometric analysis.

5.4.3 Single cell suspension for flow cytometry analysis

Single cell suspensions of the lungs were prepared by simultaneous disaggregation and fixation to
preserve cell integrity and minimise changes in phenotype during processing. In brief, lungs were
mechanically disaggregated in 2ml fixative for 1min, passed through a 40um nylon filter and washed

with cold FACS Wash Buffer (FWB). Cells were pelleted by centrifugation at 400 x g for 10min at 4°C,
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resuspended in 1-step Fix/Lyse Solution (1X) for 1min to remove red blood cells, and washed twice
with FWB prior to antibody staining. Antibodies used were summarised in Table 2.7. Lung endothelial
cells were identified as CD45-, CD41-, ICAM-2+ and CD31+ population (Figure 2.9), Ly6C"e"
monocytes as CD11b+, F4/80+, Ly6C-high population, Ly6C"* monocytes as CD11b+, F4/80+, Ly6C-
low, MHCII- population, interstitial macrophages as CD11b+, F4/80+, Ly6C-low, MHCII+ population,

neutrophils as CD11b+, F4/80-, Ly6C-med, Ly6G+ population (Figure 2.10).

A. MV donor mouse

+i.v. 2ug LPS MVs collection
Start | > End
Oh 1h

B. IPL donor mouse

+iv. 20ng LPS ‘Control-MVs’ / ‘LPS-MVs’

Isolated Perfused Lung (IPL)

‘_
—
s

v A

| | End
-2h Oh 4h

Figure 5.1 In vivo MV-to-ex vivo IPL(4h) adoptive transfer methodology.

C57BL/6 mice were untreated or injected with LPS (2ug, i.v., 1h) and plasma MVs were isolated by
differential centrifugation. The IPL was prepared from a separate mouse, untreated or pretreated with
low-dose LPS (20ng, i.v., 2h). MVs recovered from one donor mouse were directly infused into the

IPL perfusate buffer and recirculated for 4h.
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5.5 Results

5.5.1 Optimisation and evaluation of the IPL system

Respiratory and vascular stability of 4h IPL

To allow sufficient time to be able to detect a range of MV effects in the IPL model, including
transcriptional upregulation of endothelial cell adhesion molecule (CAM) expression, we decided to
extend the recirculating perfusion protocol to 4h, beyond that of the 2-3h perfusion periods previously
used in the group®*?®°. The IPL system is prone to instability and therefore several optimisation steps
and precautions were taken to ensure reproducibility including stringent cleaning routines for the
tubing and connectors, perfusion buffer sterility, pH and osmolality, as detailed in Chapter 2 methods.
To verify the stability of IPL preparation, the physiology of IPL preparations was monitored by
measurements of airway respiratory and pulmonary vascular mechanics. The collection of data and
calculation of these lung physiological parameters were described in detail in Chapter 2 (Equation 2,
Equation 3, Equation 4). These parameters are commonly used to assess and characterise the

pulmonary responses in the IPL to various pharmacological agents and biological variables>®-°¢".

As previously discussed, subclinical endotoxaemia induces enhanced pulmonary vascular uptake of
circulating MVs via functionally primed lung-marginated marginated Ly6C"9" monocytes. Therefore,
we performed optimisation of the IPL using preparations from control untreated and low-dose LPS
(20ng, i.v., 2h)-pretreated mice, to enable reproducible assessment of the MV effects in both
conditions. Respiratory resistance (Rrs) and elastance (Ers) did not change significantly over 4h in
untreated or LPS-pretreated IPLs (Rrs (min-max): control 0.55-0.65 vs. LPS 0.52-0.71 cmH-0 sec/ml;
Ers (min-max): control 0.47-0.51 vs. LPS 0.47-0.54 cmH20 kg/ml), with no significant difference in
percentage change over 4h, suggesting stability of the lungs throughout (Figure 5.2). LPS-pretreated
IPLs appeared to have a slightly higher pulmonary vascular resistance (PVR) compared to control
IPLs (PVR (min-max): control 5.0-6.3 vs. LPS 5.8-7.5 mmHg min/ml), with an overall percentage
increase in control and LPS-pretreated IPLs of 19.72+17.35% and 31.33123.86%, respectively, over
the course of 4h (Figure 5.3). However, none of these differences reached statistical significance
between control and LPS-pretreated IPLs. As a positive control, thrombin was infused into the
perfusate at the start of IPL, which was shown to induce 59% (n=1) increase in PVR, whereas injurious

171



ventilation (high-stretch and atelectasis) were shown previously by our group to induce 50-100%
increase in Ers and Rrs®®. In summary, the IPL physiological parameters remained stable with no
clear deterioration by the 4h timepoint in both control and LPS-pretreated models. Moreover, as the
low-dose LPS-pretreatment of mice did not appear to produce any lung respiratory or vascular

dysfunction, direct comparisons of MV treatment effects between these IPL models was possible.
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Figure 5.2 Lung respiratory mechanics over 4h IPL.

(A) Respiratory resistance (Rrs) and (B) elastance (Ers) were calculated every 15min during
inspiratory pauses over 4h of IPLs obtained from both untreated and LPS (20ng, i.v., 2h)-pretreated
mice. (C, D) Percentage change in Rrs and Ers was calculated by differences between data points at
Oh and 4h, divided by data points at Oh. No statistical significance was found in the change of Rrs and
Ers over 4h in LPS-pretreated or control IPLs, suggesting respiratory stability of the lungs throughout.
(Mean = SD, n=6-11, two-tailed unpaired t-test.)
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Figure 5.3 Lung vascular mechanics over 4h IPL.

(A) Pulmonary vascular resistance (PVR) was calculated every 15min during inspiratory pauses over
4h of IPLs obtained from both untreated and LPS (20ng, i.v., 2h)-pretreated mice. (B) Percentage
change in PVR was calculated by differences between data points at Oh and 4h, divided by data points
at Oh. No statistical significance was found in the percentage change of PVR over 4h in LPS-
pretreated or control IPLs, suggesting vascular stability of the lungs throughout. (Mean + SD, n=6-11,

two-tailed unpaired t-test.)
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Leukocytes retention in IPLs after 4h perfusion

Previous research in the group demonstrated that approximately half of intravascular Ly6C"" and
Ly6C"" monocytes remained marginated within the pulmonary vasculature following IPL set up after
initial flush-out perfusion®*°®2, To verify the presence of lung-marginated leukocytes after 4h of lung
perfusion, leukocytes were quantified by flow cytometry in single cell suspensions from either control
or LPS-pretreated IPLs. Numbers of Ly6C"9" and Ly6C"®" monocytes in control IPLs were comparable
to those previously found®*, and in the case of Ly6C"" monocytes and neutrophils, much higher
numbers were found in LPS-pretreated IPLs compared to control IPLs, due to additional margination
during endotoxaemia'®’ (Figure 5.4). Although not possible to directly assess their viability with the
methods used, the retention of these cells within in the pulmonary microcirculation suggests an active

role throughout the perfusion protocol.

Ly6Chigh monocytes Ly6C'°" monocytes Neutrophils
6x105- * 2.0%105 1x105- ok
o (=)} o)  —
c v c € §x105-
= 3 1.5%x10% = v
& 4x105 b= b=
2 2 bt Q2 6x10° v
= = = \
I B 1.0%10°5- % v I
3 ° o 5
O 241054 ° Yyv o b g 4x10
= = 4] v ©
3 .f s 3 5.0x10 2 2%105 °
[ | ol = .ﬁ;
0- 0.0- 0-
T T T T T T
Control LPS- Control LPS- Control LPS-
pretreated pretreated pretreated

Figure 5.4 Lung-marginated leukocytes are retained in the lungs after 4h perfusion.

Lungs of untreated or LPS (20ng, i.v., 2h)-pretreated mice were isolated and perfused briefly at
0.1ml/min to remove non-adherent blood cells until the lungs turned translucently white. The lungs
were then perfused in a closed, recirculating circuit at 256mil/kg/min for 4h. Left lungs were
homogenised for flow cytometry quantification of leukocytes. LPS-pretreated IPLs contained
significantly higher numbers of lung-marginated Ly6C"" monocyte and neutrophils compared to
control IPLs. (Mean + SD, n=6-7, *p<0.05, ****p<0.0001, two-tailed unpaired t-test.)
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5.5.2 Activation of pulmonary vascular cells in MV-treated IPLs.

Activation of endothelial cells in LPS-pretreated IPLs by MVs from endotoxaemic mice

MVs obtained from untreated controls or endotoxaemic mice (2ug, i.v., 1h LPS-treated) were
adoptively transferred to IPLs prepared from either untreated or low-dose LPS (20ng, i.v., 2h)-
pretreated mice in 1:1 donor-to-recipient treatment ratio. Neither of the MV treatments significantly
altered the lung respiratory and vascular mechanics (data not shown), indicating there were no gross
effects on lung physiological dysfunction with these treatments. For quantification of pulmonary
vascular cell responses by flow cytometry, single cell suspensions were prepared by simultaneous
disaggregation and fixation to preserve cell integrity and minimise changes in phenotype during
processing*®. Lung endothelial cells were identified by the co-expression of ICAM-2 and CD31
(Figure 2.9)°% and their activation determined by upregulated expression of their cell adhesion
molecules ICAM-1, VCAM-1 and E-selectin. Infusion of MVs from LPS-treated mice (“LPS-MVs”)
induced significant upregulation of endothelial ICAM-1 and VCAM-1 expression in LPS-pretreated
IPLs, but not in control IPLs (Figure 5.5). Importantly, MVs from untreated mice donors (“control-MVs”)
had no effect on endothelial cell CAM expression in LPS-pretreated IPLs. E-selectin expression,

which is normally very low at baseline®®!, was not increased in any of the treatments (data not shown).
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Figure 5.5 Upregulation of cell adhesion molecules on lung endothelial cells by endotoxaemic
MVs in LPS-pretreated IPL.
MVs isolated from either untreated (“control-MVs”) or LPS (2ug, i.v., 1h)-treated (“LPS-MVs”) mouse
plasma were infused into the closed, recirculating circuit of IPLs prepared from either untreated or
LPS (20ng, i.v., 2h)-pretreated mice for 4h. Expression of ICAM-1 and VCAM-1 on lung endothelial

cells were assessed by flow cytometric analysis of lung single cell suspensions. “LPS-MVs” induced

significant upregulation in ICAM-1 and VCAM-1 expressions on lung endothelial cells in LPS-
pretreated IPLs but not in control IPLs. “Control-MVs” had no effects in LPS-pretreated IPLs. (Mean
+ SD, n=4-5, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, one-way ANOVA with Bonferroni’s multiple

comparisons test.)
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Activation of monocytes/macrophages in LPS-pretreated IPLs by MVs from endotoxaemic
mice

We analysed MV-induced upregulation of CD86 expression as an activation marker on Ly6C"d"
monocytes (CD11b+, F4/80+, Ly6C""), Ly6C"" monocytes (CD11b+, F4/80+, Ly6C'*", MHCII-) and
interstitial macrophages (CD11b+, F4/80+, Ly6C"", MHCII+) (Figure 2.10)*%°%2, MVs from LPS
challenged mice “LPS-MVs” induced upregulation of CD86 on Ly6C"" monocytes and interstitial
macrophages in the LPS-pretreated IPL, but not in the control IPL (Figure 5.6). As with endothelial
responses, MVs from untreated mice donors (“control-MVs”) did not induce monocyte/macrophage
CD86 upregulation in the LPS-pretreated IPLs. No significant changes were detected in the
expression of CD86 on Ly6C™" monocytes under all treatment conditions. Neutrophil activation,
assessed by surface expression of CD11b, was apparent with LPS-pretreatment without MVs, and
addition of MVs did not produce any further response (Figure 5.7). These findings, together with
previous studies by the group™'®*' suggest an important role for lung-marginated Ly6C"e"
monocytes and circulating endogenous MVs in the potentiation of pulmonary vascular endothelial cell

activation during endotoxaemia.
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Figure 5.6 Upregulation of CD86 on lung-marginated Ly6C"9" monocytes and interstitial
macrophages by endotoxaemic MVs in LPS-pretreated IPL.

MVs isolated from either untreated (“control-MVs”) or LPS (2ug, i.v., 1h)-treated (“LPS-MVs”) mouse
plasma were infused into the closed, recirculating circuit of IPLs prepared from either untreated or
LPS (20ng, i.v., 2h)-pretreated mice for 4h. Expressions of CD86 on Ilung monocytes and
macrophages were assessed by flow cytometric analysis of lung single cell suspensions. “LPS-MVs”
induced significant upregulation in CD86 expressions on Ly6C"™" monocytes and interstitial
macrophages in LPS-pretreated IPLs, but not in control IPLs. “Control-MVs” had no effects in LPS-
pretreated IPLs. CD86 expression on Ly6C"°" monocytes remained unchanged across all treatment
groups. (Mean + SD, n=3-5, *p<0.05, ***p<0.001, ****p<0.0001, one-way ANOVA with Bonferroni’s

multiple comparisons test)
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Figure 5.7 Upregulation of CD11b on lung-marginated neutrophils in LPS-pretreated IPL.

MVs isolated from either untreated (“control-MVs”) or LPS (2ugq, i.v., 1h)-treated (“LPS-MVs”) mouse
plasma were infused into the closed, recirculating circuit of IPLs prepared from either untreated or
LPS (20ng, i.v., 2h)-pretreated mice for 4h. Expression of CD11b on lung neutrophils was assessed
by flow cytometric analysis of lung single cell suspensions. LPS-pretreatment induced increased
expression of CD11b on neutrophils, but no further response was elicited by MV treatment in IPLs.

(Mean + SD, n=4-5, *p<0.05, one-way ANOVA with Bonferroni’s multiple comparisons test.)
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5.5.3 Measurement of lung oedema in MV-treated IPLs.

In the same experiments, lung oedema was assessed by lung wet-to-dry weight ratio and total
bronchoalveolar lavage fluid (BALF) protein at the end of the 4h IPL protocol (Figure 5.8). It was found
that LPS-pretreatment alone increased lung permeability during the 4h protocol, evidenced by both
the wet-to-dry weight ratio and BALF protein measurements. However, treatment with “LPS-MVs” did
not elicit any further increase in oedema but instead, attenuated it significantly. This finding was
unexpected considering the clear response pattern of pulmonary vascular cell activations in response
to “LPS-MVs” in LPS-pretreated IPL described above. Furthermore, “control-MVs” produced a similar
suppression of oedema formation in the LPS-pretreated IPL, further suggesting that the effect was
distinct from the pro-inflammatory response to “LPS-MVs”. It should be noted at this stage that it is
normal for a gradual accumulation of lung water in the IPL system (wet-to-dry weight ratio of £5.5 in
untreated control IPL vs. £4.3 in untreated non-perfused lungs) and that perfusion much beyond 4h

duration would result in non-specific oedema?®*°%,
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Figure 5.8 Assessment of lung injury change in IPL via change in lung permeability.

MVs isolated from either untreated (“control-MVs”) or LPS (2ug, i.v., 1h)-treated (“LPS-MVs”) mouse
plasma were infused into the closed, recirculating circuit of IPLs prepared from either untreated or
LPS (20ng, i.v., 2h)-pretreated mice for 4h. Lung injury was assessed by lung wet-to-dry weight ratio
and total BALF protein as indicators of lung permeability change. LPS-pretreatment of IPLs induced
significant increase in lung permeability, which were attenuated by both “LPS-MVs” and “Control-
MVs”, (Mean = SD, n=5-10, *p<0.05, **p<0.01, ****p<0.0001, one-way ANOVA with Bonferroni’s

multiple comparisons)
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5.5.4 Measurement of soluble markers of inflammation and injury in MV-treated IPLs.

Release of soluble inflammation and injury markers (KC, IL-6, VEGF and RAGE) into perfusates was
measured at the end of the 4h IPL protocol (Figure 5.9). Interestingly, treatment with “LPS MVs” in
the control IPL, but not in LPS-pretreated IPL, produced a relatively small but signifiant increase in
the levels of perfusate RAGE, despite the lack of oedema formation in this treatment group. However,
there were no other significant differences in the cytokines levels across all treatment groups.
Therefore, despite the clear effects of “LPS-MVs” on cell activation and LPS-pretreatment on
enhanced oedema, neither of these translated to equivalent changes in the soluble markers. It should
be noted at this stage that the levels of all markers were elevated at the end of 4h in the untreated

control IPL compared to the baseline levels observed previously?**

, indicating constitutive release and
accumulation of metabolites, or some degree of inflammation during the continuous recirculating
perfusion protocol. Therefore, IPL perfusion much beyond 4h duration may result in non-specific

release of inflammatory mediators.
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Figure 5.9 Cytokines released into IPL perfusate.

MVs isolated from either untreated (“control-MVs”) or LPS (2ug, i.v., 1h)-treated (“LPS-MVs”) mouse
plasma were infused into the closed, recirculating circuit of IPLs prepared from either untreated or
LPS (20ng, i.v., 2h)-pretreated mice for 4h. IPL perfusates were differentially centrifuged to remove
cells and any remnant MVs. Soluble cytokines released into the IPL perfusate was assessed by
ELISA. “LPS-MVs” induced significant increase in RAGE in LPS-pretreated IPLs. (Mean + SD, n=3-

5, *p<0.05, one-way ANOVA with Bonferroni’s multiple comparisons)
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5.6 Discussion

5.6.1 Summary

This chapter explored a unique combination of in vivo-generated MVs-to-ex vivo IPL adoptive transfer
strategy to delineate the pulmonary-specific effects of circulating MVs produced during inflammation
on pulmonary vascular injury/inflammation. Based on the kinetics of circulating MV subtypes during
endotoxaemia (Chapter 4), the early 1h timepoint after LPS injection was selected for harvest of total
MVs and used for MV challenge in the IPL. When infused into LPS-pretreated IPLs ex vivo, these
MVs elicited an activation response in lung endothelial cells, Ly6C"" monocytes and interstitial
macrophages. However, we also observed ‘protective’ roles for MVs in attenuating the development
of oedema during IPL and no clear effect on the relatively high levels of soluble mediators in perfusate.
Collectively, these preliminary results demonstrate some clear functionality of circulating MVs during
endotoxaemia, but further refinement of the approaches may be necessary for demonstrating clearer

signals to permit further dissection of MV biology.

5.6.2 Optimisation of IPL for prolonged assays.

Despite its distinct advantages for the study of pulmonary vascular inflammation in isolation from
systemic variables, IPL has most frequently been used for the investigation of direct ALI aetiologies,
including pneumonia associated alveolar injury®'", ventilator-induced lung injury?*>3'?, lung ischaemia-
reperfusion injury®®**'. In the context of pulmonary vascular injury, IPL serves as a useful model for
the measurement of airway and vascular reactivity in response to various biological or

pharmacological mediatorg®!4:319:317.558.565

. However, not many studies utilise IPL to investigate
responses to insults within the pulmonary vasculature, potentially owing to the difficulty in maintaining
IPL for sufficient periods to measure transcriptional responses. In order to detect the effect of MVs in
these pilot experiments, we decided to run the IPL for 4h with recirculation of the perfusate to allow
for transcriptional changes and for any injury to endothelial cells to develop that may be secondary to
mediator release from other inflammatory cells interacting with MVs (e.g. marginated monocytes). It
has been shown that the upregulation of adhesion molecules such as ICAM-1 and VCAM-1 can be
detected in IPL maintained between 3-4h, perfused with either allogeneic blood or cell culture media-

based perfusate buffer®®*°¢5¢’ However, IPL perfused with recirculating circuit can be unstable,
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where inflammation and oedema can occur or be amplified overtime due to accumulation of
metabolites. Although the exchange of IPL perfusate every hour with fresh perfusate medium may
have an added advantage for the maintenance of IPL stability as shown by our group previously in a
direct ALI model*®, we considered this approach unsuitable for an indirect ALI investigation due to
potential loss of the infused MVs in the perfusate during exchange. Therefore, we took extensive
precautions to minimise non-specific responses in the prolonged IPL protocol. Buffer composition was
optimised for reproducibility, using a serum-free and sterile cell culture-grade albumin buffer with the
osmolality value specifically adjusted for mice. On top of physiological buffer optimisation, several
other steps were taken to improve the IPL stability, such as application of positive end expiratory
pressure (PEEP) throughout preparation procedure, recruitment of lungs with sustained inflation
every 15min intervals and the use of relatively slow perfusion flow rate. Stringent cleaning routines
for the tubing and connectors, and their replacement, were also implemented, with care taken to
randomise test groups to control for any drift in the system mechanism between new tube
replacements. Over time, with incremental improvements and precision in the setup and maintenance

of procedure, a reliable 4h IPL protocol was achieved with minimal development of oedema.

5.6.3 LPS-priming in the potentiation of lung injury in IPL.

In our previous study (Chapter 3 and publication'), we demonstrated that low-dose LPS endotoxaemia
produced a dramatic increase in MV uptake by lung-marginated monocytes. We therefore
implemented this condition in the IPL model with comparison to control IPL from untreated mice. An
LPS ‘priming’ effect, was clearly demonstrated by the “LPS-MV” challenge in eliciting cell activation
responses in LPS-pretreated IPLs, but not in control IPLs, and the lack of responses in “control-MV”-
treated LPS-pretreated IPLs. However, LPS-pretreatment alone increased activation of neutrophils
and produced oedema, neither of which were augmented by MV challenge, but instead appeared to
reverse the oedema formation. These effects of LPS pretreatment on neutrophils and oedema
presumably represent ehancement of lung inflammation prior to or during IPL, and as such may be
distinct from the priming effect on monocytes and endothelial activation. It has been shown that

565,568

infusion of LPS into IPL perfusate could potentiate the lung response to other mediators , such

as PAF and methacholine, but on its own, LPS does not usually elicit any change in lung wet-to-dry
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weight ratio, especially in absence of blood components in IPL perfusate®®. Here, airway respiratory
and vascular reactivity mechanics were measured to ensure low-dose LPS-pretreatment of IPL
mouse donor would not elicit significant inflammation and injury, which could potentially mask any
inflammatory changes in response to MV treatment. It was previously found that IPLs obtained from
LPS-treated rats exhibit significant increase in pulmonary perfusion pressure®'’, whereas IPLs of
guinea pigs challenged with LPS infused in the perfusate buffer did not exhibit any significant change

in both pulmonary artery pressure and pulmonary capillary pressure®*°

. As such, to achieve a ‘primed
state’ of the lungs for investigation of pulmonary vascular cell responses during systemic
inflammation, in vivo low-dose LPS treatment of mice prior to isolation of the lungs may be more
physiologically relevant (new populations of monocytes and neutrophils had time to mobilised from
bone marrow and marginate to the lungs'®’), compared to infusion of LPS into perfusate buffer of IPL
obtained from untreated mice. Furthermore, the lack of significant difference between control and
LPS-pretreated IPL in lung airway and vascular mechanics, as well as the preservation of lung-

marginated monocytes after 4h perfusion in IPL, supported the use of low-dose LPS-pretreatment IPL

model for following investigations with MVs.

5.6.4 MV-mediated endothelial activation and indirect ALI

To our knowledge, the ability of MVs to elicit activation in various lung vascular cell types in LPS-
pretreated IPL is the first evidence for direct pulmonary specific effects of circulating MVs in the lungs.
A role for MVs in indirect ALl has been suggested previously by systemic administration of in vitro
generated MVs. Although some of the studies that used MVs generated from stored red blood cells

may be relevant to transfusion-induced AL|3%1:442:569

, studies using in vitro human umbilical vein
endothelial cells (HUVEC) to generate endothelial-derived MVs may not be representative of the in
vivo endogenously produced MVs during systemic inflammation***44. Although endothelial-derived
MVs is currently being investigated as biomarker for diagnosis and prognosis in early sepsis in clinical
trial (NCT01998139), we observed in this study (Chapter 4) that during LPS challenge, only levels of
neutrophil- and monocyte-derived MVs were acutely increased, whereas levels of endothelial-,
erythrocyte- and platelet-derived MVs did not change significantly throughout. Although leukocyte-

570,571

derived MVs were previously shown to activate monocytes®’” and endothelial cells in vitro , yet
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again, MVs investigated in these studies were generated in vitro with cell-specific stimulus in isolation.
As each cell type may release quantitatively and qualitatively distinctive MV phenotypes depending
on the stimulus they encounter, functional studies using in vitro-generated MVs, without clear rationale
for a particular chosen MV subtype or stimulus used, may limit our understanding of the true biological

properties of endogenous, disease-relevant MV.

On the recipient side, although MV treatment on endothelial cells in vitro may provide a clearer
molecular effect, the complex biological interaction of vascular cells such as lung-marginated
monocytes with the endothelium may not be reciprocated in vitro. As discussed above, the ‘primed
state’ of the lungs may require in vivo LPS challenge to mobilise and marginate the cells to pulmonary
vasculature, and may not be achieved by in vitro LPS treatment of cell culture. Furthermore,
endothelial permeability studied using in vitro cultured endothelial cells were found to exhibit
phenotypic differences from that of ex vivo IPL?*°, where some agents found to increase endothelial
permeability in vitro has no effects in IPL. In contrast, in vivo models that employ direct injection of
MVs into intact animals for functional studies may not provide extra information, as the site or mode
of MV action could not be defined due to complex influences from other remote systemic organs. In
the case of the lungs, it is unclear whether MVs act directly within the pulmonary vasculature, indirectly
in remote vascular beds (e.g. the splanchnic circulation) or systemically within circulating blood (e.g.
via complement or coagulation pathway activation). Based on these considerations, we have taken
our unique approach of adoptively transferring total circulating MVs from an endotoxaemic donor
mouse, to an IPL from another recipient mouse to evaluate the direct contribution of MVs to pulmonary

responses.

5.6.5 MV-mediated lung oedema and inflammation

The reduction of lung oedema by both “control-MVs” and “LPS-MVs”, despite their activation of
pulmonary cells by the latter, was both unexpected and difficult to interpret. It is possible that the
induction mechanisms of each response differ, and that in the IPL preparation, MVs trigger endothelial
activation but not permeability increase. The unavoidable but very gradual increases in tissue water

(i.e. wet-to-dry weight ratio increases) during IPL are mostly likely due the effects of blood-free
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perfusion of capillaries and loss of lymphatic drainage®®. The reduction of permeability by MV
treatment suggests the involvement of permeability-reversing signalling pathways, such as
sphingosine-1-phosphate (S1P), which was found to be expressed in high levels in MVs derived from

bone marrow mesenchymal stem cells (MSCs)®"

, and has been an area of promising therapeutic
research targeting oedema as a central mechanism of organ injury in sepsis/SIRS**® and primary graft
dysfunction in lung transplantation®”. Although the presence of MCS-derived MVs in our total MV
preparation from LPS-treated mice is undefined, it possible that MVs buffer the system against the
vascular leak in some way, but as the MV effect appears to be specific to the LPS-pretreated IPL, it
seems more likely to be related to an inflammatory process rather than the IPL procedure per se.

574576 and platelet-derived®"® MVs have also been

Anti-inflammatory effects of neutrophil->**
described, however these were mainly demonstrated through inhibition of cytokines release, which
we did not observe here in this study. Other than MVs, there might be other particulates known to co-
isolate with MVs preparations through centrifugation present in our MVs preparation, such as high-
density lipoproteins (HDLs)*®°, which were also found to also exert protective effects on endothelial

%81 possibly through S1P-associated molecular mechanism®®#°83 To address

function and integrity
these uncertainties, a more defined MV preparation is required, ideally isolated from individual MV
subtypes based on surface expressed markers to eliminate co-isolated particulates and other

unknown MV subtypes.

We measured a limited panel of soluble markers of inflammatory and injury in this study but found no
obvious differences between treatment groups apart from a modest but significant increase in RAGE
in control IPL infused with “LPS-MVs”. Although only four markers were studied (KC, IL-6, VEGF and
RAGE), these are commonly measured in IPL as markers of inflammation?®319-312584 However,
baseline levels of KC, IL-6 and RAGE were relatively high in the control IPL, at comparable levels to
those detected previously by our group in lung ischaemia-reperfusion IPL model***. Therefore, the
development of such intrinsic IPL system noise by 4h perfusion may have masked detection of any
MV-induced signal. Despite the unexpected and ambiguous effects in lung oedema and cytokines
release, the clear MV-induced endothelial transcriptionally regulated responses suggests an

alternative signalling process or the involvement of other pro-inflammatory cytokines, such as TNF-
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o, which are induced by MVs at early timepoints and could stimulate downstream endothelial CAM

upregulation.

5.6.6 Limitations of experimental design & further improvement.

As it was not possible to quantify MVs with a generic marker, thus the dose of MVs for each IPL were
based on using the total MV population obtained from one donor mouse, either untreated or LPS-
treated. Instead of a matched MV quantity comparison, by this approach we evaluated the effect of
exposing the pulmonary vascular to the normal circulating MV pool versus the LPS challenge-modified
pool, which appeared to differ in composition only with respect to the increase in myeloid-MV subtypes
(neutrophil- and monocyte-MVs). Despite physiologically stable, 4h of recirculating IPL runtime
causes accumulation of metabolites and unavoidable oedema. When used for measurement of
intricate changes in immune response such as perfusate cytokines and minor increase in lung water,
these effects are masked by the high background noise intrinsic to the IPL system. Thus, as
measurements of lung oedema and the production of cytokines in IPL maintained for 4h were
inconclusive in this study potentially due to prolonged IPL runtime, improvement in the signal-to-noise
ratio is a necessary next step, including a more ‘defined’ MV preparation and shorter IPL runtime.

These limitations are further discussed and improved in the next chapter.
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5.7 Conclusion

To evaluate the role of systemically released MVs in indirect ALI, here we investigated the feasibility
of a direct adoptive transfer of circulating in vivo MVs from a donor mouse into a recipient ex vivo IPL.
We demonstrated in the previous chapter an exclusive acute increase in MVs derived from neutrophils
and monocytes during endotoxaemia in mice. Here, we further demonstrated that when these total
MVs derived from endotoxaemic mice were transferred to LPS-pretreated IPL, they induced a direct
activation of lung-marginated monocytes and endothelial cells ex vivo. The lack of responses in the
“control-MVs”-treated LPS-pretreated IPL, and in the “LPS-MVs”-treated control IPL, demonstrated
the essential role of both endotoxaemia-induced MVs and a “primed-state” of the lung for cellular
activation in the pulmonary vasculature. Together, these findings shown for the first time that in vivo-
generated endotoxaemic MVs are capable of directly modulating pulmonary vascular injury within the

lung.
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Chapter 6
Circulating myeloid-derived microvesicles
mediate indirect ALI during systemic

inflammation

Parts of the content of this chapter have been presented as a conference abstract:

Circulating Neutrophil-derived Microvesicles During Endotoxaemia Induce Pulmonary

Vascular Injury. Y. Y. Tan, K. P. O'Dea, M. Takata. American Journal of Respiratory and
Critical Care Medicine 2020; 201: A2670.
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Chapter 6 Circulating myeloid-derived microvesicles mediate indirect

ALl during systemic inflammation
6.1 Abstract

Background

Circulating neutrophil-derived microvesicles (MVs) increase dramatically during acute systemic
inflammation of infectious and non-infectious aetiologies and were found to correlate with disease
severity and mortality. However, their functional role in the propagation of organ injury is largely
unknown. Here, using an ex vivo isolated perfused lung (IPL) model, we investigated the biological
effects of circulating MVs from endotoxaemic mice on pulmonary vascular responses in IPL, in
particular focusing on differential effects of individual MV subtypes, i.e. myeloid- vs. platelet-derived
MVs.

Methods

C57BL/6 mice were pretreated with clodronate liposomes (i.v., 48h) to deplete intravascular
macrophages, followed by LPS (2ug, i.v., 1h) to induce endotoxaemia. At 1h post-LPS, platelet poor
plasmas were analysed by flow cytometry, and MVs isolated by differential centrifugation, with or
without individual MV subtypes further separated using immunoaffinity magnetic bead separation.
The recipient IPL was prepared from a separate mouse pretreated with low-dose LPS (20ng, i.v., 2h),
with or without clodronate liposome pretreatment (i.v., 24h prior) to deplete lung monocytes. Isolated
MVs were infused into the recirculating IPL for 2h. Lung inflammation/injury was assessed by lung

wet-to-dry weight ratio and IPL perfusate cytokines by ELISA.

Results

When intravascular macrophages were depleted, myeloid- and platelet-derived MVs were the most
predominant MV subtypes produced during endotoxaemia. Infusion of total endotoxaemic mouse
MVs (including all subtypes) into LPS-pretreated IPLs resulted in significant pulmonary oedema,
which was abolished in the monocyte-depleted IPLs. Infusion of myeloid-MVs (CD11b+ selected)
produced a comparable level of oedema to the total MVs, while platelet-MVs (CD41+ selected)
produced a statistically significant, but much lower level of oedema. Infusion of myeloid-MVs, but not
platelet-MVs, increased the release of pro-inflammatory cytokines and soluble markers of endothelial

injury in IPL perfusates.

Conclusion
We demonstrated for the first time, that circulating MVs generated in vivo during systemic
inflammation induce pulmonary vascular injury and the myeloid-derived MV subtype was the primary
contributor to this lung monocyte-dependent response. Therefore, myeloid-derived MVs can serve as
vehicles for long-range pro-inflammatory signalling by their parent cells to induce indirect acute lung
injury.
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6.2 Background

6.2.1 MV production-clearance dynamics

It has been previously demonstrated that the systemically administered MVs are rapidly removed from
the circulation within 10min, where only 10% of injected dose remain in the blood by 30min post-
injection, and that this occurs mainly via the reticuloendothelial system (RES) in the liver and spleen
under non-inflammatory conditions®¥"*%4%_ Therefore, the level of endogenously produced circulating
MVs measured at any one timepoint reflects only the balance between rate of production and
clearance®?°%, Qur recent study on in vivo MV uptake indicated that the MV clearance dynamics
may be further altered by the development of enhanced uptake capacity by monocytes during low-
grade systemic inflammation’, in part due to their expansion in blood from the bone marrow reservoir’.
These findings based on the clearance of injected MVs or observations of MV dynamics following a
defined insult suggest that there is a substantial underestimation of the total production of MVs in
response to inflammatory insults, especially if they are generated systemically during endotoxaemia
or other SIRS conditions. Therefore, to evaluate the total production of all endogenously released
MVs and their biological activities in the models such as the IPL, the factor of MV clearance should

be minimised or eliminated.

6.2.2 MV subtypes in sepsis/SIRS

In a comprehensive analysis of vascular MV subtypes in septic patients, an increase was
demonstrated in MVs number across all subtypes investigated including platelet-, endothelial-,
erythrocyte-, leukocyte-, neutrophil-, monocyte-, T cell- and B cell-derived “*2. However, other studies

that measured a less comprehensive panels have also demonstrated increases in circulating level of

421 380,425-428 429-431

platelets-*2"*?* leukocytes- and endothelial-derived MVs , which were most commonly
detected in sepsis patients. Although MV levels generally increase in septic patients, they were found
to inversely correlate with disease severity, mortality and development of ARDS******", Due to disease
heterogeneity in sepsis and varying degree of organs dysfunction in patients, MV clearance and
production dynamics will likely vary considerably over time in each individual, and the time of sampling
may be critical in determining their relationship to the disease progression. We previously investigated
MV levels in severe burns patients within 24h of admission to ICU and found that neutrophil-MVs were
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most consistently elevated across different patients and related to clinical severity*?’. In parallel, large
increases in neutrophil-MVs were observed in patients with meningococcal sepsis within the first 10h
of admission*?°, whereas in another study neutrophil-MVs sampled upon ICU admission were found
to predict mortality®”’. Based on acute abundance increase in neutrophil-MVs in patients and here in
this study following LPS injection, it seems likely that these MVs have some role in organ injury, yet
in vivo data on the functional activities of different MV subtypes is only available for endothelial-*+>444,

391442 and monocyte-MVs®%¢°%"  As discussed in the previous chapter, using a relatively

erythrocyte-
crude preparation of plasma derived MVs may produce diverse effects in the IPL endpoints that limit
any meaningful interpretation. Thus, when studying the functional activity of in vivo MVs containing a

mixture of subtypes, it may be essential examine subtype individually using appropriate

immunoaffinity isolation methods.

6.2.3 Lung-marginated monocytes and neutrophils in ALI

The margination and activation of neutrophils and monocytes within the pulmonary circulation, in
direct contact with capillary walls, is a core process in indirect ALI pathogenesis. Numbers of each
population increase several-fold during even relatively low-grade systemic inflammation, and, in a
primed state, they respond vigorously in situ to subsequent intravascular insults'®"2!, Depletion of
intravascular monocytes in the lung were found to sufficiently attenuate pulmonary vascular
inflammation and oedema in vivo and ex vivo®*2%. Based on the potentially crucial roles of lung
marginated monocytes in ALl and the increase in MV uptake capacity during endotoxaemia’, we

hypothesised that they would play a significant role in MV-mediated effects in the IPL.
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6.3 Aims
In Chapters 4 & 5, we demonstrated the selective increase in numbers of neutrophil- and monocyte-
derived MVs during endotoxaemia and found preliminary evidence suggesting a pro-inflammatory
role for these MVs in pulmonary vascular inflammation in ex vivo IPL. However, we recognised there
were limitations in our approach that required modification to define circulating MV functions in the
IPL. We considered it likely that the MVs harvested were not truly representative of the total MV output
during endotoxaemia due the previous studies showing that a majority of MVs are cleared rapidly by
the RES. Additionally, 4h of recirculating IPL produced significant background in the measurement of
lung oedema and perfusate cytokines, reducing the detection sensitivity of the functional outcome
measurements. To further consolidate our findings, we aimed to optimise the in vivo MV-to-ex vivo
IPL transfer model to address the roles of selected MV subtypes and the contribution of lung-
marginated monocytes to indirect ALI.
The specific aims were to:
1) Investigate the total production of MVs in vivo during endotoxaemia by inhibition of RES
clearance.
2) Investigate the role of lung-marginated monocytes in MV-induced pulmonary vascular
inflammation/injury.
3) Isolate and purify individual in vivo MV subtypes from endotoxaemic mice.

4) Investigate the contribution of specific MV subtypes in pulmonary vascular inflammation/injury.
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6.4 Methods

6.4.1 MV production from untreated or in vivo endotoxaemic mice

C57BL/6 mice received i.v. injection 200l of clodronate liposomes 48h prior to the LPS injection (2ug,
i.v.) for 1h. Clodronate liposome treatment for 48h enables the depletion of intravascular
macrophages, which reduces MVs clearance and enables recovery of MVs more representative of
the total intravascular output during endotoxaemia, but allow repopulation of monocytes in the
circulation to normal levels. MVs were isolated from blood by differential centrifugation (2.8.3 & 2.8.4),
and the washed MV pellet was either resuspended in pre-warmed IPL perfusate buffer for infusion

into the IPL circuit, or in 0.2um filtered PBS for magnetic-beads isolation.

6.4.2 Immunoaffinity magnetic beads isolation of MV subtypes

MVs isolated from PPP were resuspended in PBS and incubated with bead-conjugated antibodies at
pre-titrated concentration of 1ul bead-conjugated antibody/biotin-conjugated antibody to 10° ‘target
MVs’, for 30min on ice. For the positive selection or depletion of myeloid-derived MVs, directly
conjugated anti-CD11b magnetic beads (Miltenyi Biotec) were used, whereas for platelet-derived
MVs, primary anti-CD41 biotin (Miltenyi Biotec) and anti-biotin magnetic beads (Miltenyi Biotec) were
incubated together with MVs for 30min on ice. For depletion of other MV populations, MVs were
incubated with a mixed cocktail of pre-titrated biotinylated antibodies (1 in 100 final dilution of each
antibody) (anti-TER119 for RBC-, anti-CD31 for endothelial-, anti-CD41 for platelet-, and anti-CD11b
for myeloid-derived MVs) (Biolegend) for 15min, followed by anti-biotin magnetic beads, for 30min on
ice. MV subpopulations were fractionated through magnetised columns, and the positively selected,
bead-bound MV fractions were recovered from the magnetic column and the negatively selected,
bead-free MV fractions were recovered from the flow through. The desired MV fractions were
analysed by flow cytometry, centrifuged at 20,000g for 30min and resuspended in pre-warmed IPL
perfusate buffer for infusion into the IPL circuit. Percentage recovery and percentage depletion of
MVs after immunoaffinity magnetic beads isolation were calculated using Equation 5 & Equation 6

as below:
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No.of MV subtype in desired fraction*

X 100%

Percentage recovery:
9 y No.of MV subtype before fractionation

Equation 5 Calculation of MV subtype percentage recovery after immunoaffinity magnetic

beads isolation.

No.of MV subtype in desired fraction*

Percentage depletion: (1 — ) X 100%

No.of MV subtype before fractionation

Equation 6 Calculation of MV subtype percentage depletion after immunoaffinity magnetic

beads isolation.

*For negative selection and depletion of myeloid MVs, the ‘desired fraction’ is unbound flow through.

*For positive selection of myeloid MVs, the ‘desired fraction’ is column elute.

6.4.3 Ex vivo isolated perfused lungs (IPL)

C57BL/6 mice were pretreated with low-dose LPS (i.v. 20ng, 2h) with or without i.v. clodronate
liposome pretreatment (i.v., 24h prior) for intravascular lung monocytes depletion. IPL was performed
as described before (5.4.2), with exception of a shorter runtime of 2h, after infusion of MVs into the
non-recirculating perfusion circuit (Figure 6.1). For “total MV” treatment, MVs from one donor mouse
(treated with i.v. 48hrs clodronate liposomes, i.v. 2ug LPS for 1h) was infused into the IPL (1:1 donor-
to-recipient adoptive transfer). For “magnetic beads-isolated MV’ treatment, standardised
concentration of 9x10” CD11b-selected myeloid-MVs or CD41-selected platelet-MVs were infused
into the recirculating IPL perfusion circuit. At the end of 2h experimentation, IPL perfusate was
collected for analysis of soluble cytokines by ELISA after removal of residual cells and MVs by
centrifugation at 300 x g for 10min followed by 20,000 x g for 30min. The right lower lobe of lung was

tied off and oedema was determined by wet-to-dry weight ratio measurement.
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A. MV donor mouse

MVs collection

i.v. clod-lipo i.v. 2ug LPS + magnetic bead-isolation of MV subtypes
Start | // I > End
-48h Oh 1h
B. IPL donor mouse
+ “Total MVs” or magnetic bead-isolated MV subtypes
ti.v. clod-lipo i.v. 20ng LPS
l l l Isolated Perfused Lung (IPL)
Start | // | | End
-24h -2h Oh 2h

Figure 6.1 Total in vivo MV-to-ex vivo IPL (2h) adoptive transfer methodology.

C57BL/6 mice were pretreated with clodronate liposomes (i.v. clod-lipo, 48h) to deplete intravascular

macrophages, followed by LPS (2ug, i.v., 1h) to induce endotoxaemia. MVs were isolated by

differential centrifugation, with or without individual MV subtypes further separated using

immunoaffinity magnetic beads. The recipient IPL was prepared from a separate mouse pretreated

with low-dose LPS (i.v., 20ng, 2h), with or without clodronate liposome pretreatment (i.v., 24h before)

to deplete lung monocytes. Isolated MVs were infused into the recirculating IPL for 2h.
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6.5 Results

6.5.1 Investigation of total circulating MV levels during endotoxaemia.

Elevation of all circulating MV subtype levels by depletion of intravascular macrophages.

To evaluate levels of circulating MVs during endotoxaemia under depressed RES clearance
conditions, we injected clodronate liposomes for 48h to deplete intravascular macrophages, as
previously described"'®?%” Similar MV gating strategies were used, as demonstrated in previous
chapter: neutrophil-MVs CD11b+, Ly6C+, Ly6G+; monocyte-MVs CD11b+, Ly6C+, Ly6G-; platelet-
MVs CD41+; endothelial-MVs CD31+, CD41-; and erythrocyte-MVs TER-119+ (Figure 6.2). At 48h
post-clodronate liposome (when Ly6C"9" monocytes are replenished from the bone marrow) and 1h
post-LPS injection, numbers of all circulating MV subtypes were =10-fold higher in clodronate
liposome-treated than control mice (1h LPS-treated only) (Figure 6.3). Platelet- and neutrophil-MVs
were the two most abundant circulating MV subtype populations under systemic RES-depleted
conditions, followed by monocyte-, erythrocyte- and endothelial-derived MVs. These findings suggest
the rapid clearance of MVs from blood and that the circulating MV populations under normal
production-clearance equilibrium are not necessarily representative of the total intravascular MV

output during acute inflammation.
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Figure 6.2 Flow cytometry gating of MVs in intravascular macrophage-depleted mouse plasma.
Representative flow cytometry plots of MVs obtained from plasma of mice treated with clodronate
liposomes (i.v., 48h), followed by LPS (2ug, i.v., 1h). MVs identified include neutrophil-MVs (CD11b+,
Ly6C+, Ly6G+), monocyte-MVs (CD11b+, Ly6C+, Ly6G-), platelet-MVs (CD41+), endothelial-MVs
(CD31+, CD41-) and erythrocyte-MV's (TER-119+). (Representative figure, n=1)
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Figure 6.3 Evaluation of all circulating MV levels during endotoxaemia via systemic depletion
of intravascular macrophages.

MV concentrations were compared between mice treated with LPS (2ug, i.v., 1h), with or without
clodronate liposome pretreatment (i.v., 48h before LPS treatment). MV concentration in PPP was
determined by flow cytometry. Platelet- and neutrophil-MVs were the two most abundant circulating
MV subtype populations under RES-depleted (clodronate liposome-pretreated) conditions, followed
by monocyte-, erythrocyte- and endothelial-derived MVs. (Mean + SD, n=4-6, **p<0.01, ***p<0.001,

****n<0.0001, unpaired t-test)
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Characterisation of PS expression on circulating MV subtypes in response to depletion of
intravascular macrophages.

As in the previous study (Chapter 4) we measured PS expression using FITC-conjugated annexin V
in all samples as a generic marker of MVs. As shown in representative histogram overlays (Figure
6.4) there appeared to be some changes in PS levels associated with the suppression of MV
clearance by the RES. This was most noticeable with an overall increase in the fraction of PS+
myeloid-derived MVs (histograms shifted to the right), and a reduction in average PS expressions
across all MV subtypes other than monocyte MVs (inset MFI values), suggesting there may be some

phenotypic differences between MVs that are cleared by the RES and those that remain in the

circulation.
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Figure 6.4 PS expression on all circulating MV subtypes during endotoxaemia in normal and
intravascular macrophage-depleted mice.

Annexin V staining of MV subtypes, indicating their PS expression, was determined by flow cytometry.
MVs obtained from endotoxaemic mice treated with LPS (2ug, i.v., 1h), shown in blue, was compared
fo MVs obtained from mice pretreated with clodronate liposomes (i.v., 48h) before LPS treatment,
shown in red. (Mean fluorescence intensity (MFI) of PS expressions presented in mean + SD in top
right corner insets, n=5, *p<0.05, **p<0.01, ***p<0.001, unpaired t-tests.)
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6.5.2 Circulating MVs from endotoxaemic mice induce indirect ALl via intravascular
monocytes.
To investigate the direct contribution of circulating MVs to ALl during systemic inflammation, we used
i.v. clodronate liposome pretreatment to minimise MV clearance by the RES, followed by LPS
treatment to induce endotoxaemia as an in vivo MV source, and thereby model the exposure of the
pulmonary vasculature to a more representative population of MVs. These ‘total’ circulating MVs from
one donor mouse were infused into the closed, recirculating perfusion circuit of a recipient IPL
pretreated with low-dose LPS as described previously in Chapter 5, with the exception that IPL was
shortened from 4h to 2h enable the measurement of lung oedema and perfusate cytokines with
reduced background noise. The role of lung-marginated monocytes was also assessed in the IPL with
prior i.v. clodronate liposome treatment for 24h, which depletes only Ly6C"¢" and Ly6C"™" monocytes,
187,294

leaving neutrophils and interstitial macrophages untouched, as described previously in our group

(Figure 6.5)

MVs induced a very consistent increase in IPL wet-to-dry weight ratio after 2h recirculating perfusion,
but there was no change in BALF protein concentration, indicative of an interstitial oedema (Figure
6.6). The MV-induced oedema was completely reversed in IPLs from monocyte-depleted mice,
suggesting the critical role of lung-marginated monocytes. Levels of a lung injury marker, RAGE, in
the IPL perfusate, also increased significantly compared to the control IPL, which was again
significantly attenuated by monocyte depletion in the IPL, further suggesting a vascular compartment
driven response. However, no significant changes were found in the levels of a panel of other
cytokines and chemokines by MV treatment, including KC, TNF-a, MIP-1a, MIP-2, MCP-1, RANTES,
GM-CSF, IL-6, IL-1B, IL-10, as well as endothelial cell injury markers Endothelin-1 (ET-1), Angiotensin
converting enzyme (ACE), Angiopoietin-2 (Angpt-2) and vascular endothelial growth factor (VEGF)
(Table 6.1). Interestingly, increased level of MIP-1a, MCP-1, IL-10 and Angpt-2 was detected in
monocyte-depleted IPL, as compared to non-monocyte-depleted IPL, suggesting effects of monocyte

depletion on circulating cytokines level in IPL perfusate.
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Figure 6.5 Depletion of intravascular monocytes in IPL.
Representative flow cytometry plots demonstrating in vivo depletion of monocytes prior to isolation of
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lungs for IPL by clodronate liposome pretreatment (i.v., 24h), followed by low-dose LPS (20ng, i.v.,
2h)-pretreatment in mice. Only Ly6C"" and Ly6C"" monocytes were significantly depleted, due to

their intravascular localisation, whereas neutrophils and interstitial macrophages remained untouched

by i.v. clodronate liposome treatment, as described previously'®”?%. (Representative figure, n=1)
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Figure 6.6 Circulating MVs from clodronate liposome-pretreated endotoxaemic mice induce a
monocyte-dependent lung injury in LPS-pretreated IPL.

Total MVs were obtained from macrophage-depleted (48h i.v. clodronate liposome-pretreated), LPS
(i.v. 2ug, 1h)-treated mice and infused into a close, recirculating circuit of low-dose LPS (i.v., 20ng,
2h)-pretreated IPL for 2h. Endotoxaemic mouse plasma MVs induced an increase in lung wet-to-dry
weight ratio, and an increased production of lung injury marker, RAGE into the perfusate, measured
by ELISA. These effects were abolished in IPLs obtained from clodronate liposome (i.v., 24h prior to
low-dose LPS pretreatment)-treated mice, which were depleted of lung intravascular monocytes. No
change in BALF protein was detected across all treatment groups. Dotted lines represent baseline
measurement of non-perfused lung from untreated mouse. (Mean * SD, n=5-7, *p<0.05,

****n<0.0001, one-way ANOVA with Bonferroni’s multiple comparisons test).
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Analyte Concentration (pg/ml)
MV treatment - + +
IPL monocyte - - +
depletion
KC 475+195 3954443 7361507
TNF-a 39137 3641414 455%339
MIP-1a 80158 2991385 848+416"
MIP-2 4224610 4344710 1275+£1060
MCP-1 165+43 115452 426+146"
RANTES 6161295 7031552 4404284
GM-CSF 312 315 614
IL-6 7311480 12174653 11384756
ET-1 0.13+0.08 0.14+0.18 0.25+0.07
ACE 4143117404 3704016007 3840046245
Angpt-2 42524469 44071235 5912+891%#
VEGF 1444 1444 1442
IL-1B8 34 444 243
IL-10 63125 58130 123+42%

Table 6.1 Cytokines, chemokines and endothelial injury markers released into IPL perfusate.

Total MVs were obtained from macrophage-depleted (48h i.v. clodronate liposome-pretreated), LPS

(i.v. 2ug, 1h)-treated mice and infused into a close, recirculating circuit of low-dose LPS (i.v., 20ng,
2h)-pretreated IPL for 2h. Perfusates were collected and centrifuged at 20,000 x g for 30min to remove

cells and remnant MVs. A panel of soluble mediators were measured by ELISA. No significant

difference in the level of all soluble mediators was detected by MV treatment. Monocyte depletion in
IPL increased levels of MIP-1a, MCP-1, IL-10 and Angpt-2, compared to non-monocyte-depleted,
MV-treated IPLs. (Mean + SD, n=6-7, #p<0.05 vs. MV treated, non-monocyte depleted IPL, one-way

ANOVA with Bonferroni’s multiple comparisons test)
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6.5.3 Isolation and purification of circulating MV subtypes from endotoxaemic mice.

As myeloid-MVs and platelet-MVs were the most abundant MV subtypes released during early
endotoxaemia, we aimed to purify them from the plasma of endotoxaemic mice for the investigation
of their individual functional activity. The ‘right-side-out’ biogenesis of MVs causes them to carry
distinctive surface markers originating directly from the plasma membrane of their parental cells. This
characteristic enables the isolation and purification of different MV subtypes based on classical

surface markers that define their parent cells.

Negative selection of myeloid-MVs

We initially investigated MV subtype immunoaffinity-based isolation by an indirect “negative
selection”, rather than direct “positive selection” approach, as we considered ‘untouched’ MVs without
surface-bound immunoaffinity microbeads was preferable for functional studies. For isolation of
myeloid-MVs by negative selection, we used a combination of biotin-conjugated antibodies followed
by anti-biotin magnetic microbeads to remove other major MV populations: anti-TER119 for
erythrocyte-MVs, anti-CD31 for endothelial-MVs, and anti-CD41 for platelet-MVs (Figure 6.7). After
application to the magnetised columns, flow-through of unbound material was found to contain mainly
the neutrophil-derived MVs (CD11b+, Ly6C+, Ly6G+) with a percentage recovery of 75+12% (n=3)
from the original plasma. Percentage depletion of other identified MVs (platelet-, endothelial- and
erythrocytes-derived) was >85%. However, we considered that the purity of the neutrophil MV-
enriched fraction was insufficient for use in the IPL as we could not rule out the presence of other
unidentified MV subtypes. Furthermore, without adequate generic markers available®® to monitor MV

purity, the negative selection approach may not produce conclusive finding in the IPL.
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Figure 6.7 Negative selection of myeloid-MVs by immunoaffinity magnetic beads.

MVs obtained from endotoxaemic mice were labelled with anti-TER119 for erythrocyte-, anti-CD31
for endothelial-, and anti-CD41 for platelet-derived MVs, followed by anti-biotin magnetic beads. MVs
were then passed through a magnetised column to fractionate the bead-bound MVs from unbound
MVs in flow-through. ‘Before fractionation’ flow cytometry plots shown the presence of various MV
subpopulations before magnetic separation, whereas the ‘TER119-, CD31-, CD41-depleted fraction’
in unbound flow through showed the depletion of erythrocyte-, endothelial- and platelet-MVs and the
enrichment of the neutrophil-derived MVs (CD11b+, Ly6C+ and Ly6G+) after fractionation.
(Representative figure, n=1)
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Positive selection of myeloid-MVs

For positive selection of MV subtypes from clodronate liposome-pretreated, endotoxaemic mouse
plasma, we decided to use anti-CD11b-conjugated beads to enrich for myeloid-MVs and anti-CD41
for platelet-MVs. Phenotype analysis of the selected MV subtypes was based on alternative markers
from the beads conjugates: for the CD11b-selected fraction, expression of Ly6C and Ly6G were used;
for the CD41-selected fraction, expression of CD61 and CD31 were used (Figure 6.8). In CD11b
positive selection of MVs, percentage recovery of myeloid MVs was 94.5+8.6%, whereas percentage
depletion of platelet MVs in the CD11b-selected fraction was 96.8+2.1% (n=6). In CD41 positive
selection of MVs, percentage recovery of platelet MVs was 74.8+19.9%, whereas percentage
depletion of myeloid MVs in the CD41-selected fraction was 96.6+2.2% (n=5). Overall, this method
was successfully developed for isolation of the respective MV subtypes, suitable for the subsequent

functional studies in ex vivo IPL.
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Figure 6.8 Positive selection of myeloid- and platelet-MVs by immunoaffinity magnetic beads.
MVs obtained from macrophage-depleted, endotoxaemic mice were incubated with either (A) anti-
CD11b microbeads, or (B) anti-CD41 biotin antibody, followed by anti-biotin microbeads. MV's were
then passed through a magnetised column to fractionate the bead-bound MVs from unbound MVs in
the flow-through. The CD11b-selected fraction and CD41-selected fraction were identified by their
expression of Ly6C, Ly6G for myeloid-MVs, and CD61, CD31 for platelet-MVs, respectively. The
detergent sensitivity of these bead-isolated MVs by 0.1% (v/v) Triton x-100 treatment and their

absence in the flow-through, further verified their MV identities. (Representative figure, n=1)
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6.5.4 Myeloid-MVs but not platelet-MVs from endotoxaemic mice induce indirect ALI.

We assessed the biological activities of “positively selected” myeloid-MVs and platelet-MV subtypes
in the IPL model. Equal numbers of each MV subtypes (9x107), obtained from two clodronate
liposome-pretreated, endotoxaemic donor mice were infused into the recirculating IPL perfusion
circuit for 2h. Myeloid-MVs caused significant oedema in the LPS-pretreated IPL (Figure 6.9), at a
similar level to that elicited by total unfractionated MVs (Figure 6.6). Platelet-MVs on the other hand,
produced a much smaller, but statistically significant increase compared to control IPL. As with total
MVs, there was no change in BALF protein content, indicating interstitial oedema. A panel of soluble
mediators and markers of inflammation/injury released into the IPL perfusate after the 2h recirculating
perfusion were also determined. Myeloid-MVs induced significant increases in levels of pro-
inflammatory cytokines (KC, TNF-a, MIP-1a, MIP-2, MCP-1, RANTES, GM-CSF and IL-6), as well as
soluble markers of endothelial injury (Endothelin-1 (ET-1), Angiotensin converting enzyme (ACE),
Angiopoietin-2 (Angpt-2) and vascular endothelial growth factor (VEGF)) in IPL perfusates (Table
6.2). Contrasting with myeloid-MVs, platelet-MVs had virtually no effect on the level of soluble
mediators, except a significant increase Angiopoietin-2, which level was similar to those of induced
by myeloid-MVs. Other pro- and anti-inflammatory markers such as IL-1p, IL-10 and TGB-f (data not
shown) were assessed but no change between treatment groups was detected. These findings
demonstrate that myeloid-MVs are capable of inducing potent pro-inflammatory responses directly

within the pulmonary vasculature.
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Figure 6.9 Myeloid-MVs induce significant oedema in LPS-pretreated IPL.

Myeloid- or platelet-MVs (9x10” for both) obtained from macrophage-depleted, endotoxaemic mice
isolated by immunoaffinity magnetic beads, were infused into low-dose LPS-pretreated IPLs and
recirculated for 2h. Infusion of myeloid-MVs (positively selected by CD11b) elicited a significant
oedema, while platelet-MVs (positively selected by CD41) produced a smaller but significant oedema,
with wet-to-dry weight ratios similar to the level of the control IPL. No change in BALF protein was
detected across all treatment groups. (Mean + SD, n=6-7, **p<0.01, ****p>0.0001, one-way ANOVA

with Bonferroni’s multiple comparisons test)
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Concentration (pg/ml)

Analyte

Untreated CD11b+ MVs CD41+ MVs
RAGE 543+159 3265+1947** 515+255
KC 475+195 1505+535*** 281+142
TNF-a 39+37 1856+1081*** 1654273
MIP-1a 80458 1044+187**** 102468
MIP-2 4224610 1852+980** 72+13
MCP-1 165+43 271+33** 162465
RANTES 6164295 1449+200** 974+382
GM-CSF 3+2 19+10%** 615
IL-6 731+480 2309+261*** 1308+737
ET-1 0.1340.08 0.33+0.14* 0.21+0.13
ACE 4143147404 59006+13613* 3427814227
Angpt-2 42524469 6241+£1240** 6074+593**
VEGF 1414 18+2% 1243
IL-1B 3+4 6+3 615
IL-10 63425 56118 68117

Table 6.2 Myeloid-MVs induced significant release of pro-inflammatory mediators in LPS-
pretreated IPL perfusate.

Myeloid- or platelet-MVs (9x10” for both) obtained from macrophage-depleted, endotoxaemic mice
isolated by immunoaffinity magnetic beads, were infused into low-dose LPS-pretreated IPLs and
recirculated for 2h. Perfusates were collected and centrifuged at 20,000 x g for 30min to remove MVs.
A panel of soluble mediators were measured by ELISA. Infusion of myeloid-MVs induced significant
release of all tested mediators, whereas platelet-MVs only induced release of angiopoietin-2 level to
a similar level as that of myeloid-MVs. No difference in the level of IL-15, IL-10 and TGB-f
(undetectable, not shown) was found across all treatment groups. (Mean + SD, n=6-7, *p<0.05,
*p<0.001, ***p<0.0005, ****p<0.0001 vs. untreated control, *p<0.05 vs. platelet-MVs, one-way

ANOVA with Bonferroni’s multiple comparisons test)
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6.5.5 Preliminary investigation on the feasibility of depleting myeloid-MVs for IPL studies.

To assess the relative contribution of myeloid-MVs to the total MV-induced pulmonary
inflammation/injury, we performed some pilot experiments on the effect of immunoaffinity depletion of
myeloid-MVs. This was done using the same method as for positive selection of CD11b+ (Figure 6.8)
but using the unbound flow through containing the CD11b-depleted fraction instead. MV subtypes
analysed by flow cytometry shows that the CD11b-depleted fraction contained platelet-, endothelial-
and erythrocyte-derived MVs, but not neutrophil- and monocyte-MVs (Figure 6.10). Percentage
depletion of myeloid MVs in the CD11b-depleted fraction was 95.612.6% (n=5). However, a distinct
Ly6C+, Ly6G- population was present the CD11b-depleted fraction, likely to be the CD11b-Ly6C+
population observed in plasma previously (Figure 4.7), but the cellular origin of which is unknown at
this stage. In comparison to total MVs, when CD11b-depleted MV fraction was infused into IPL, the
wet-to-dry weight ratio remained significantly higher than the no MV control IPL, but with more variable
results than the increases induced by total MVs (Figure 6.11). With the limited repeats performed
(n=3), further evaluation of this approach is necessary, and we did not rule out the possibility that

other active MV subtypes may be present in the CD11b-depleted preparation.
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Figure 6.10 Depletion of myeloid-MVs by immunoaffinity magnetic beads.

MVs obtained from macrophage-depleted, endotoxaemic mice were incubated with anti-CD11b
microbeads and passed through a magnetised column to fractionate the bead-bound MVs from
unbound MVs in flow through. MV subtypes were identified before and after fractionation. Neutrophil-
or monocyte-MVs were depleted from the CD11b-depleted fraction, but not platelet-, endothelial- and
erythrocyte-MVs. (Representative figure, n=1)
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Figure 6.11 Preliminary evaluation of CD11b-depleted MVs in IPL.

MVs were obtained from macrophage-depleted (48h i.v. clodronate liposome-pretreated), LPS (i.v.
2ug, 1h)-treated mice and infused into a close, recirculating circuit of low-dose LPS (i.v., 20ng, 2h)-
pretreated IPL for 2h. Infusion of the total endotoxaemic mouse plasma MVs (total MVs) induced a
significant increase in lung wet-to-dry weight ratio and this effect was partially mitigated (p<0.08) when
MVs were depleted of myeloid-MVs (“CD11b- MVs”). Dotted lines represent baseline measurement
of non-perfused lung from untreated mouse. (Mean + SD, n=3-7, **p<0.01, ****p<0.0001, one-way

ANOVA with Bonferroni’s multiple comparisons test)
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6.6 Discussion

6.6.1 Summary

This chapter utilised the in vivo-to-ex vivo adoptive transfer method with a shortened IPL protocol and
immunoaffinity isolation-based methods to delineate the direct effects of myeloid- and platelet-MVs
subtypes produced on pulmonary vascular injury/inflammation. We also developed a method for
recovery of a more representative population of in vivo endogenously produced MVs using clodronate
liposome treatment to suppress rapid MV clearance by the RES. With these approaches, we observed
that total MVs induced interstitial oedema that was reversed by lung intravascular monocyte depletion.
When MV subtypes isolated by positive selection were infused into LPS-primed IPLs, myeloid-MVs,
but not platelet-MVs, elicited significant interstitial oedema and an early potent release of pro-
inflammatory cytokines in IPL perfusates. Collectively, these results highlight the injurious properties
of in vivo-generated, myeloid-derived MVs during inflammation and the role of lung-marginated
Ly6C"9" monocytes in the potentiation of indirect ALI during systemic inflammation. Together with
results on MV production and pulmonary vascular cells activation described in Chapter 4 and 5, major

findings of this study are summarised in Figure 6.12.
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Figure 6.12 Summary of the inflammatory mechanisms involved in MVs-induced indirect ALI.
During healthy state (left), MV uptake in the pulmonary vasculature is negligible. During systemic
inflammatory state (right), endotoxaemic-derived myeloid-derived MVs interact with lung-marginated
monocytes and causes activation of Ly6C"" monocytes, pulmonary endothelial cells and interstitial
macrophages, alongside with the release of pro-inflammatory mediators and interstitial oedema.
(Made with BioRender)

6.6.2 Intravascular macrophage depletion for the assessment of total MVs production.

Resident intravascular macrophages in various organs were shown to play a major role in the
clearance and elimination of circulating MVs®**"4% |n this chapter, we depleted the intravascular
macrophages, using i.v. injection of clodronate liposomes to investigate the total production of MVs
during inflammation. As the depletion of intravascular macrophages would also deplete circulating
and marginated monocytes, which plays an important part in vascular inflammation, clodronate
liposomes were injected for 48h. This allowed ample time for the repopulation of Ly6C"9" subset

monocytes in the circulation to normal levels'’%187:297.588

and ensured the production of monocyte-MVs
as a major constituent of the myeloid CD11b+ MV population. However, the repopulation of
monocytes would also restore the clearance of MVs to a certain degree, as monocytes internalise

MVs and liver endothelial cells also contribute to uptake'%’. Therefore, it is important to note that the
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total production of MVs investigated here would still have been underestimated to a certain degree

via this approach.

Despite providing valuable insights, when circulating levels of MVs were measured in clinical studies,
the endogenous MV clearance in the body was often not taken into account. For example, when the
circulating level of MVs were compared between healthy volunteers and septic patients, it is possible
that the higher levels in the latter reflect reduced clearance and not increased production alone. This
may be particularly pronounced for constitutively released MVs such as platelet-MVs that are present
in the bloodstream of sepsis patients at high baseline level, but were often found to have no correlation
with mortality®®®°%°. By contrast, changes in the levels of inducible MVs that are very low at baseline,
such as acutely released myeloid-MV, specifically neutrophil-MVs, are more likely to reflect increased

production and were shown to correlate with disease severity and mortality®'"4%’.

In addition to some substantial increases in circulating MVs following clodronate liposome treatment,
the varying proportions of surface PS expressed by MV subtypes, appeared to be affected by the
level of endogenous clearance in vivo by intravascular macrophages. When intravascular
macrophages were depleted, the fraction of PS+ myeloid-derived MVs increased, but the average PS
expressions across all other MV subtypes decreased. These findings were unexpected as we
hypothesised that the rapidly cleared PS+ MV under normal conditions would remain in the circulation
with clodronate liposome treatment, based on PS as a key ligand in MV uptake by monocytes*’® and
macrophages*'®. Nonetheless, it is important to note that identification of MVs in various clinical
studies based on the expression of PS, could lead to an overemphasis on certain MV subtype with
higher proportion of PS-expressing subpopulation, or MV phenotype with higher PS expression.
Overall, the understanding of the MV uptake-clearance dynamics during disease progression may
shed more light into the underlying mechanism behind the consistently reported inverse correlation

between circulating MV levels in septic/ARDS patients with disease severity or mortality*>>=+3’.
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6.6.3 Role of lung monocytes in indirect ALI.
Lung-marginated monocytes have previously been implicated in the development of

AL|187:291,294,295.297.4%0 © gnd the depletion of intravascular monocytes in the lung were found to

sufficiently attenuate pulmonary vascular inflammation and oedema in vivo and ex vivo*®*2%, To
delineate the role of lung-marginated monocytes in MV-induced lung injury, intravascular monocytes
were depleted prior to IPL in this study. Our group has previously demonstrated that i.v. injection of
clodronate liposomes for 24h effectively depleted vascular Ly6C"e" and Ly6C"°" monocytes, leaving
numbers of the interstitial macrophages, alveolar macrophages and vascular neutrophils
unaffected®®*. As shown in Chapter 3 and in our recently published paper’, MVs are preferentially
internalised by lung-marginated Ly6C"" monocytes, suggesting they would play some role in the
development of inflammation/injury. By depletion of lung-marginated vascular monocytes, we found
that monocytes do indeed contribute to MV-induced lung oedema, but cytokine levels in perfusates
appeared to be unaffected. The latter observation suggests MV-induced oedema and inflammation
are separate pathways and that monocytes may not be the primary producers of pulmonary cytokines.
However, it should be borne in mind that the MV-induced cytokine levels were variable, lacking
statistical significance in most cases. Moreover, monocyte depletion resulted in increased levels of
MIP-1a, MCP-1, IL-10 and Angpt-2. Regarding the mechanism of monocyte-mediated oedema, in the
absence of perfusate cytokine differences, other mediators such as eicosanoids and/or juxtracrine

signalling seem likely candidates.

6.6.4 Fractionation of MVs by immunoaffinity magnetic beads and their functional activities.

The ‘right-side-out’ biogenesis of MVs facilitated their subtype fractionation based on their respective
expression of parental cell markers. To our knowledge, only one study evaluated functional activity of
different endogenous MV subtypes, where non-platelet derived MVs obtained from patient plasma
were found to induce endothelial dysfunction in vitro®®'. In that study, in vitro endothelial cells were
incubated with either anti-CD61 bead-selected platelet-MVs, anti-CD61 bead-depleted non-platelet
MVs or anti-CD61 beads alone. Here, we performed direct comparison between bead-bound MVs
(myeloid-MVs vs. platelet-MVs) and carried out a separate analysis comparing between bead-free

MVs (total MVs vs. CD11b-depleted MVs). Certainly, it would be ideal to study the functional activity
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of MVs in the IPL with bead-free myeloid-MVs, as we inferred that the presence of beads on MVs
may interfere with their interaction with target cells. However, MACS microbeads (Miltenyi biotech)
used here are 50nm in size and MVs are typically sized between 0.1-1um. MVs are thus about 2-20
times larger than the beads. Although positive immunoaffinity selection is not ideal, it does ensure
that any activity observed can be attributed primarily to the bead-bound MV subtype contrasting with
the relatively undefined content of negatively selected MVs. In the latter case, additional purification
steps such as size-exclusion chromatography would help to eliminate lipoproteins®®°%, though this
would not exclude unknown MV subtypes such as the Ly6C+ single positive MV population identified
in our CD11b-depleted preparation. As infusion of bead-bound platelet-MVs produced significantly
less oedema and virtually no cytokine response, they conveniently served as control for beads and
the isolation procedure itself, negating the need for bead-alone controls and consistent with 3Rs
guidelines. Although the work on MV subtype depletion was incomplete, it may be a useful
complimentary approach to positive selection, by removing other potentially active MV subtypes in

addition to myeloid MVs.

6.6.5 Pulmonary injury and inflammation in indirect ALI.

The use of a shorter 2h IPL protocol and total MVs from clodronate liposome-treated endotoxaemic
mice appeared to enable an enhancement of signal-to-noise ratio in the detection of lung oedema
and release of soluble mediators. In the LPS-pretreated IPL without MV treatment, the wet-to-dry
weight ratio reduced from 5.71+£0.16 (Figure 5.8) to 4.72+0.14 (Figure 6.6) at the end of the 4h and
2h protocols, respectively. While for soluble mediators, RAGE, IL-6 and KC were between 4-6 times
lower with the shorter 2h protocol. In addition to reduction of background ‘noise’, the doses of total
MV infused into IPL were increased from approximately 1x10” (one donor LPS-treated mouse) to
9x10’ (two donor clodronate liposome and LPS-treated mouse), significantly enhancing the ‘signal’

for clearer outcome measurement.

We evaluated the direct contribution of endogenously released MVs in ALI using the IPL model in two
stages: initially determining whether circulating MVs are pro-injurious per se under the conditions

employed, and then exploring in more detail the response to different MV subtypes fractions. The
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formation of lung oedema and release of soluble mediators in ex vivo IPL has been widely reported
in models of direct AL[?%4299:310311.394.39 K1t not indirect ALL. It is recognised that there is fundamental
difference between the pathophysiology of direct and indirect ALI, where epithelial injury is more
severe in direct ALI and endothelial injury is more severe in indirect ALI?*32227:5% Consistent with
these compartment-specific origins of ALI, we demonstrated that total MV induced an interstitial
oedema based on the wet-to-dry weight increase with no change in BAL protein levels (ruling out an
alveolar transudate or exudate). We found that myeloid-MVs, but not platelet-MVs, produced an
identical pattern of compartmentalised interstitial oedema and release of RAGE into IPL perfusate,
which has been used as a gold standard plasma biomarker of ALI, released mainly by lung epithelial

97599 as well as other vascular cell types®®€". When total MVs were obtained

and endothelial cells®
from one donor mouse and infused into IPL, we used a dose of about 9x10’ ‘total’ MVs from all the
subtypes identified by flow cytometry, of which ~50% were myeloid-MVs. Therefore, we decided to
standardise the positively-selected MV subtype number to 9x10’ for each MV subtype-challenged
IPL, to match to the total number of circulating MVs experienced by the lungs during systemic
inflammation. This results in a final concentration of 36,000MVs/ul in the recirculating IPL (2.5ml
perfusate), which was much lower than the concentration of myeloid MVs found in macrophage-
depleted, LPS-treated mouse plasma (about 100,000MVs/ul of neutrophil- and monocyte-MVs). This
higher relative dose of myeloid-MVs in the CD11b-selected MVs relative to total MV challenges, could
explain the higher levels of RAGE and other cytokines released. Furthermore, the more consistent
cytokine responses in the CD11b-selected MVs relative to total MV challenges may be attributed to

the standardisation of MV number in replacement of the one-to-one donor-recipient adoptive transfer

method, suggesting a dose-dependent relationship between active MV number and cytokine release.

Interestingly, we found that platelet-MVs elicited a modest but significant increase in lung oedema
and the release of angiopoietin-2 but not any other soluble mediators measured. As the percentage
depletion of myeloid-MVs in the CD41-selected fraction was 96.6+2.2%, it is therefore unlikely that
these significant responses were mediated by residual myeloid-MVs (<4%). Despite its role in the

regulation of vascular permeability®°2-6%4

, angiopoietin-2 alone has been shown to be insufficient in
inducing vascular leakage without collaboration of other angiogenic factors such as VEGF and
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angiopoietin-1%9%_We have shown here that myeloid-MVs, induced a statistically significant
increase in VEGF compared to platelet-MVs, which together with angiopoietin-2, could triggered a
more significant increase in endothelial permeability, as compared to platelet-MVs. Moreover, VEGF
released by Ly6C"9" monocytes has been shown to contribute to increased vascular permeability in
ventilator-induced lung injury>®, further suggesting the role of lung-marginated Ly6C"e" monocytes in
MV-induced indirect ALI. Angiopoietin-2 were also found to contribute to the development of indirect
ALl via neutrophil-endothelial interaction in vitro and in vivo®®, further suggesting the role of
neutrophil-derived MVs in the phenomenon observed in this study. Circulating level of platelet-MVs
have frequently been shown to elevate in patients with sepsis/SIRS and some studies have shown
that platelet-MVs are pro-inflammatory and possess aggregating and pro-adhesion

properties420,423,424,610

Therefore, the lack of platelet-MVs activity in modulating significant
inflammation in the IPL presents an interesting finding in the area of MVs research. However, the
direct relationship between lung permeability change and cytokines release was not explored in the

scope of this study, which presents an interesting area for further investigation.
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6.7 Conclusion

In conclusion, we have shown here that with a relatively brief exposure to physiologically relevant
quantities of circulating MVs, there is a substantive pulmonary vascular response of acute
inflammation and increased permeability, hallmarks of the early stages of indirect ALI. The attribution
of this activity to myeloid-MVs is in line with the critical roles of this lineage of cells in ALI, and as
such, certain effects ascribed to their parent cell effector molecules may instead be derived from MVs.
Hence, these findings suggest an alternative paradigm of indirect ALI in sepsis and SIRS, where MVs
may dominate over the secreted pro-inflammatory mediators as endocrine mediators of their parent
cell effector functions. As such, reducing MV-induced pulmonary vascular responses could be an
effective vascular-bed specific clinical approach in the attenuating ALI and its propagation of systemic

inflammation.

223



Chapter 7

Conclusion and future directions
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Chapter 7 Conclusion & future directions

7.1 Summary of work

Since the recognition of MVs as functional entities in immunology research, the role of circulating MV's
as biomarker of sepsis has been widely investigated in clinical studies. However, their functional role
in the pathogenesis of sepsis-induced pulmonary vascular inflammation, especially in indirect ALI,
has not been determined. Despite the established mechanism of monocyte margination and
sequestration in the lungs during systemic inflammation, their interaction with circulating mediators
and its subsequent functional responses has rarely been reported. In this project, we firstly
investigated the dynamics and mechanism of MV uptake using an in vitro macrophage cell line
generated MVs, with which we ascertained the role of lung-marginated Ly6C"e" monocytes in the
homing of MVs to the lung microvasculature during inflammation’. Secondly, we extended these
findings to characterise the in vivo endogenous production of MVs during inflammation, comparing
MV subtypes produced in animal models of systemic infection (LPS-induced endotoxaemia) and local
sterile inflammation (unilateral kidney IRI). We adoptively transferred MVs from endotoxaemic mice
to normal and LPS-primed IPL systems to examine their inflammatory properties in the lungs. After
observing a range of biological effects with total MVs, we focussed on the isolation and transfer of MV
subtypes and demonstrated that myeloid-derived MVs alone can produce significant lung oedema
and acute release of inflammatory mediators within the pulmonary vasculature. This chapter will

discuss some of the major findings of this study, and their implications and future opportunities.

7.1.1 Monocytes mediate homing of circulating MVs to the lungs during inflammation via a
phosphatidylserine (PS)-mediated receptor mechanism
In Chapter 3, using an in vitro macrophage cell line (J774A.1) to generate MVs via the ATP-P2X7
receptor signalling pathway, we demonstrated that during subclinical endotoxaemia, the expanded
population of Ly6C"" monocytes marginated to the lungs also exhibited increased MV uptake, while
uptake by liver Kupffer cells was reduced. Utilising the preparation of an ex vivo model of IPL to
eliminate systemic variables, we demonstrated that systemic inflammation enhanced the uptake
capacity of MVs by lung-marginated Ly6C"9" monocytes “per se”, independently of any change in

systemic clearance processes. To further investigate the mechanism involved, we developed a novel
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technique to obtain lung-marginated monocytes for in vitro experimentation. Using this model, we
demonstrated that the mechanism of MV uptake by these lung-marginated monocytes are mediated
through an active, endocytic process that involved the recognition of PS on MVs via integrin and
scavenger receptors’. These findings on monocyte-mediated homing of circulating MVs to the lungs
during low-grade systemic inflammation, via PS and other potential recognition mechanisms, should
be considered when the biodistribution of exogenously administered MVs are studied, especially in
the field of EV-based therapeutics, either with MSC-derived MVs or synthetically engineered

exosomes, where tissue targeting poses a significant hindrance in technological advancement.

Despite wider application of these findings using a convenient in vitro method for MV generation, our
long-term aim remained focussed on the role of endogenously released circulating MVs during
sepsis/SIRS in indirect ALI. Therefore, we proceeded to extend these findings to investigate the in
vivo endogenously produced MVs during systemic inflammation. Despite the common use of various
individual stimuli to generate MVs in vitro such as ATP, fMLP, PMA, calcium ionophore, TNF and
LPS®**, switching to in vivo-produced MVs as the next step enabled us to study the true biological
properties of MVs released during disease state and to extrapolate their clinical relevance.
Interestingly, in Chapters 4 and 6 we discovered that not all in vivo-generated MVs express PS. This
finding not only negates the use of annexin V as a general marker of MVs, but also raises the
possibility that MVs, even if generated from the same cell source, may be taken up differentially by
target cells in vivo based on their differing surface PS expression. Thus, PS expression may vary
according to the manner of MV release and their parental cell source, which may also have differing
consequences for the responses they elicit in target cells. There is a body of evidence implicating PS

in anti-inflammatory responses by macrophages during apoptotic cell clearance®'"¢'?

and uptake of
PS-positive MVs, particularly that of neutrophil-derived®'*°'*_ It is therefore of note that MVs released
from necroptotic cells are also PS-positive®*****, despite the assumption that in direct contrast to
apoptosis, necroptosis is an overall a pro-inflammatory pathway of cell death. Therefore, further
studies should consider such functional and biological heterogeneity of MVs, with respect to their

interaction with target cells, the mechanism involved in their uptake and their subsequent impact on

cell function.
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7.1.2 MV subtype profiles differ significantly in animal models of sepsis and sterile organ
injury
In Chapter 4, we aimed to characterise the production of MVs in two clinically relevant animal models
of inflammation, representative of sepsis (i.v. LPS-induced endotoxaemia) and sterile remote organ
injury (kidney IRI). We demonstrated that MV subtype production and profiles differ significantly under
differing states of inflammation. In the endotoxaemia model, the predominant MV subtypes were of
neutrophil- and monocyte-origin, whereas in kidney IRI, platelet- and endothelial-derived MVs were
predominated. As the MV subtype profile of the endotoxaemia model coincided with our recent clinical

finding in burn injury patients where neutrophil- and monocyte-MVs were increased acutely**’

,and it
was technically more feasible to run this model in adoptive transfer experiments, we decided to
investigate MVs produced during endotoxaemia and not kidney IRI in the indirect ALI IPL model. In
Chapter 5, we established the in vivo MV-to-ex vivo IPL system, showing that MVs from one donor
mouse could produce inflammation (endothelial and monocyte activation) in IPLs from LPS-treated
mice. Nevertheless, our findings on MV production in the model of kidney IRI remains an interesting
area of investigation to determine whether these MVs can contribute to organ-to-organ propagation

of inflammation and how distinct profiles of MV subtypes produce differing effects within the

pulmonary vasculature.

Although we were able to recover sufficient amount of MVs from the circulating blood of LPS-treated
mice for ex vivo functional studies, the natural in vivo production-clearance equilibrium of MVs limits
MV recovery to only a small and potentially phenotypically unrepresentative portion of the total in vivo
output. The more potent or biologically active MV subtypes may have a much shorter half-life in the
blood and exerting their biological activities rapidly, in contrast to those MVs remaining in the
circulation and therefore more likely to be sampled and analysed. This notion should be taken into
consideration when MVs are investigated in clinical setting, and attempts made in the mouse system
to compare the MVs from normal and macrophage-depleted mice. In order to recover the total in vivo
produced circulating MVs for functional studies, we depleted intravascular macrophages, known to

be the major clearance system of circulating MVs, in Chapter 6. Although challenging to address
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these questions in patients due to ethical consideration, it would be informative to assess functional
activities of MVs obtained in the early prodromal or pre-ICU period during the acute production phase
and follow up at a later stage where production may have slowed and clearance could play a greater
role in determining circulating MV profile. Moreover, as LPS infusion in human volunteers showed
increases in circulating MV levels within hours**®, human endotoxaemia model may be an useful
alternative to study MV production during early timepoint under controlled condition as a comparator

to patient samples.

7.1.3 Myeloid-derived MVs elicit a monocyte-dependent lung injury during inflammation

When MVs from macrophage-depleted mouse donors were adoptively transferred to IPLs, they
consistently produced a rapid (<2h) and significant interstitial oedema, a standard injury parameter in
the development of indirect ALI. This process was also found to be dependent on the presence of
lung intravascular monocytes, where their depletion prior to the IPL procedure prevented oedema
formation. Our group has previously shown the role of lung-marginated monocytes both in the context
of direct?®®2%2%7 gnd indirect ALI'®"?%', However, this study demonstrated for the first time, the
interaction of lung-marginated monocytes with an endogenous meditator of inflammation released

during endotoxaemia, i.e. MVs, contribute to the development of indirect ALI.

MVs from the same or different cell sources have been shown to carry a spectrum of biological
activities, sometimes opposing (e.g. pro- and anti-inflammatory), under in vitro conditions. Such
opposing effects expressed within the pulmonary circulation may potentially obscure measurement of
MV subtype activities in the IPL. Using an in vivo endogenous MV production model approach which
contains a mixture of multiple MV subtypes, this heterogeneity may be even more pronounced in the
IPL than in vitro due the further release of MV in response to secondary stimuli, such as cytokines
released by the IPL. When MV subtypes were isolated from endotoxaemic plasma based on their
surface parental cell marker, we found a sharp contrast between the activities of myeloid-derived and
platelet-derived MVs. The pro-inflammatory and pro-injurious responses measured in IPL was mainly
attributed to the MVs of myeloid-origin (isolated by anti-CD11b-beads), rather than platelet-origin

(isolated by anti-CD41-beads). It was apparent that total MVs and myeloid-MVs produced similar
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levels of oedema, but inflammatory mediator release was lower and more variable with total MVs.
Although we attribute this difference in part to the higher challenge dose of myeloid-MVs present in
the immunoaffinity magnetic beads preparation and the standardisation of the MV number used, other
factors could be important following total MV infusion, such as competition in binding to target cells
between non-active MV and active MV subtypes. Future investigations could include a more in-depth
analysis of the different MV subtypes and any co-isolates in the MV preparation to guide the

improvement on MV isolation procedures required.

7.1.4 The role of neutrophil-derived MVs

These findings together point to the pulmonary microvasculature as a unique site for expression of
inflammatory MV subtype activity, strongly suggesting a key role for myeloid MVs in indirect ALI
pathogenesis, most likely neutrophil-derived MVs in particular, based on their abundance in plasma

during endotoxaemia and our recent findings in burns patients*?’

. Neutrophilia is a common
consequence of systemic infection or inflammation where neutrophil number increases in the
circulating blood as an early host defense response. These neutrophils could release MVs in the
circulation and in different vascular beds, including the lung capillaries where they would come into
close proximity with lung-marginated monocytes. Recently, two types of MVs released from
neutrophils have been described: neutrophil-derived trails (NDTRs) and neutrophil-derived MVs
(NDMVs)®'®. It has been suggested that NDTRs generated by migrating neutrophils are pro-

inflammatory, whereas NDMVs generated from neutrophils which arrived at the inflammatory foci are

anti-inflammatory.

As described above, we were not able to discern whether the MVs recovered from the circulating
blood were released from circulating, marginated, or migrating neutrophils in this study. It is therefore
interesting to speculate that neutrophil-MVs could perform a key role in intercellular communication
between lung-marginated neutrophils and monocytes and as such, would represent a potential means
of local communication and coordination of effector functions. Thus, this study could further benefit
from the use of intravital microscopy to label neutrophils and their real time release of MVs, as recently

explored using mouse cremaster muscle®’>®"". Especially in the setting of IPL, it would be interesting
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to observe if MVs are released endogenously from pulmonary vascular cells, and as such could be
monitored as emerging markers of indirect ALI. Furthermore, intravital microscopy of IPL may provide
additional information on whether MVs released by lung-marginated neutrophils occurring in proximity
to the lung-marginated monocytes, interact differently than those released by circulating neutrophils

which travelled long distance to the lungs.
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7.2 Future work
Although this study provided important insights into the role of lung-marginated monocytes and
myeloid-derived MVs in pulmonary vascular inflammation in indirect ALI, our findings also give rise to

further important questions that merit future investigations.

7.2.1 MV interaction with target cell and consequences

Although we demonstrated that lung-marginated Ly6C"®" monocytes internalise in vitro generated
MVs via their surface-exposed PS, further experiments are needed to determine pulmonary target
cell interactions of in vivo-derived myeloid MVs with their more heterogeneous PS expression. There
are several possible mechanisms in which MVs could elicit endothelial inflammation and injury via
lung-marginated monocytes: 1) direct MV uptake by monocyte, through which monocytes are
activated and release pro-inflammatory and pro-injurious factors, 2) monocytes capture MVs on their
surface and present them to endothelial cells for internalisation, and 3) monocytes are activated by
MV binding and release activating factors to stimulate the release of MV content from these MVs onto
endothelial cell surface. In the first instance, neutrophil MVs have been found to directly induce
monocyte activation®’, including the release of cytokine such as TNF-a., IL-6, MIP-1a., suggesting the
crucial role of monocytes in mediating inflammatory responses. However, depletion of lung monocyte
in IPL did not seem to mitigate these responses in this study, though it was not further characterised
with immunoaffinity magnetic bead-isolated myeloid-MVs. In the second instance, neutrophil-MVs
may directly mediate endothelial responses, as they have been shown to directly induce CAM
upregulation on endothelial cells in vitro®"**"". However, although direct activation of endothelium by
MVs is possible through their internalisation®'®, this may have to operate via monocyte capture and
presentation to the endothelial cells under physiological flow conditions, as we found a significantly
lower MV uptake by endothelial cells than monocytes in vivo and ex vivo'. In the third instance, MVs
may activate monocytes and elicit chemokine and lipid mediator release, which in turn activate the
release of MV content onto endothelial cell surface through MV lysis or active production. For
example, neutrophil MVs were found to release reactive oxygen species (ROS) and leukotriene B.
(LTBa4) into extra-vesicular space, upon direct stimulation by fMLF (chemoattractant) and arachidonic
acid®®, likely to be produced by monocytes/macrophage. In another study, neutrophil MVs were found
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to induce permeability increase in endothelial and epithelial cells via MV-associated myeloperoxidase

(MPO)381’619.

7.2.2 Molecular cargo mediators in myeloid MVs

We did not investigate the cargoes of the myeloid-MVs in this study, but based on previous literature,
there are several potential molecular mechanisms capable of causing inflammation and regulating
endothelial permeability. It has been demonstrated that various miRNAs, proteins and cytokines can
be carried by MVs depending on the stimuli and/or cell source®°%°%%2 Several enzymatic and
cytotoxic mediators have been implicated as pro-inflammatory and pro-injurious neutrophil-derived
MV-associated effectors, such as MPO, ROS, leukotriene, elastase, proteinase 3 and matrix
metalloproteinase-93"82"_ Other than neutrophil enzymes, neutrophil-derived MVs were also found
to contribute to vascular inflammation in atherosclerosis via delivery of miRNA (miR-155)%".
Interestingly, miR-155 were also found to be carried by dendritic cells-derived exosomes and were
found to enhance endotoxin-induced inflammation in mice®?. Together, these studies suggest that
EV-associated miRNA such as miR-155 may have a role in myeloid-MV effects in the pulmonary
vasculature. Additionally, our group has previously demonstrated the effect of MVs containing TNF-a.
released by alveolar macrophages in the alveolar space, as a crucial mediator of direct ALI*">37¢,
suggesting a role of MV-associated cytokines in the pathogenesis of ALI. Overall, as MVs can carry
a wide range of mediators, further analysis of their content using proteome, lipidome
(eicosanoid/oxylipins) and RNAome (miRNA) analysis focussing on relevant MV subtype (i.e.
myeloid- or neutrophil-derived) isolated by positive magnetic bead selection, with comparisons to the
less active MV subtype (i.e. platelet-derived), may shed more light in the molecular cargo responsible

in the pathogenesis of sepsis-induced indirect ALI.

7.2.3 Is purity an issue? Are exosomes involved?
Reports on circulating exosomes in sepsis/SIRS patients are limited, but elevated levels of plasma
exosomes were recently found to correlate with severity of organ failure and mortality in septic

623

patients®>~. However, as the study used ExoQuick to obtain exosomes, a method which co-

precipitates smaller MVs (<200nm), the identity of the exosome preparation is uncertain. In a sepsis
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CLP mouse model, miRNAs were also found to be released in the blood via EVs (exosomes and
MVs) and mediate inflammatory responses in vivo and in vitro®'. It is therefore unclear to date if
functional activity of exosomes and MVs are as distinctive from each other as how they have been
defined. Recently, the ISEV has suggested the use of “small EVs” to encompass both exosomes and
MVs, as it is now recognised that there is a lack of specific marker to distinguish exosomes from
MVs®2%329  Undeniably, our ‘total MVs’ preparation from differential centrifugation may contain
exosomes and other co-isolates such as HDL. However, the positively selected MVs by anti-CD11b
immunoaffinity magnetic beads should facilitate the removal of exosomes and lipoproteins, which are
unlikely to express CD11b on the surface. As the CD11b positive selection method isolated a broad
MV subtype of myeloid origin, further investigation using more specific antibody-conjugated
magnetics beads may provide more information on the MV subtype-specific activities. For example,
anti-Ly6G can be used to specifically isolate neutrophil-MVs, anti-CD115 for monocyte/macrophage-
MVs, or anti-Ly6B.2 (7/4 antigen) for neutrophil- and Ly6C"¢" monocyte-MVs to assess any combined

or synergistic activity between these MV subtypes.

7.2.4 Translational and therapeutic opportunities

In an effort to explore the translational potential of these findings, | have collaborated with another
PhD student in our group to examine the functional activities of MVs in an in vitro monocyte-
endothelial co-culture system. Interestingly, although these human MVs were obtained by ex vivo
treatment of human whole blood with LPS, similar results were obtained, demonstrating the pro-
inflammatory properties of neutrophil-derived (isolated by CD66b-beads), but not platelet-derived

MVs (isolated by CD61-beads) via a monocyte-dependent mechanism.

It would therefore be an ideal next step to investigate MVs obtained from patients with sepsis/SIRS
in this in vitro co-culture system to further ascertain their immunomodulatory properties, ideally with
samples obtained at an early timepoint as discussed above. However, the methods of blood collection
from patients, especially in the field of EVs research remain inconsistent, significantly affecting the
quality of research and hinders translational discoveries. For instance, Lacroix et al. has shown that

pre-analytical parameters such as delay before first centrifugation, agitation of tubes during
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transportation and centrifugation protocol, significantly impact on the measurement of circulating
EVs®%. Specifically, freeze-thaw cycle was found to increase MV number significantly, especially that
of platelet-derived due to platelet activation and fragmentation. Moreover, freeze-thawing was shown
to degrade structural and biological activity of EVs by decreasing their size, degrading RNA and
causes leakage of EV-associated proteins®®%2°. Therefore, functional activity of MVs should ideally
be studied with fresh plasma samples obtained from patients if possible, as we did in this mouse

study.

The immunoaffinity magnetic beads method developed in this study can be used not only to
demonstrate MV subtype-specific functional activity, it is also a useful tool to purify MV subtypes from
patient samples for subsequent omics analysis to examine their lipids, RNA or protein content/cargo
as described above. Overall, if the mechanism of MV-cell interaction can be established using these
human endotoxaemia or patient MVs in vitro and the mouse models to identify therapeutic targets, it
may be possible to extend these findings to the human ex vivo lung perfusion system, which is now
increasingly used as a preclinical testing platform for ALI therapeutics®®’, to bridge the gap between

animal models and patient clinical trials.
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7.3 Concluding remarks

In brief, this study has proven our initial hypothesis that MVs (especially that of myeloid-derived) and
their interaction with lung-marginated monocytes play a crucial role in the propagation of systemic
inflammation to the lung, which drives the progression of pulmonary vascular inflammation in the
development of indirect ALI. While further work is required to elucidate the specific molecular
mechanism involved, we demonstrated here a proof-of-concept finding for biomarker application in
patients with sepsis/SIRS. Furthermore, the interaction between marginated monocytes and
circulating MVs serve as a reference point for potential development of therapeutic strategies in

sepsis-induced indirect ALI.
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