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Abstract
Acute respiratory distress syndrome (ARDS) is a major cause of intensive care mortality,
with no effective treatment. Despite improvements in patient management in intensive
care, ARDS mortality remains high, therefore there is significant unmet need for active
therapies. Tumour necrosis factor (TNF) is a major inflammatory cytokine that has long been
implicated in ARDS pathology. TNF signals through two related but functionally distinct
receptors, TNF receptor 1 and TNF receptor 2 (TNFR1 & TNFR2).
Previous work has shown that signalling through TNFR1 is deleterious in ARDS caused by
ventilation and acid aspiration, whereas signalling through TNFR2 is protective. These data
suggest that specific inhibition of TNFR1 may be protective in ARDS. In this thesis I
investigate the effects of specific TNFR1 inhibition, by a novel TNFR1 domain antibody
(dAb™), in two different models of LPS induced ARDS.
Firstly, I showed that TNFR1 inhibition reduces inflammatory cell influx, and macrophage
activation when given prior to disease induction. Despite these benefits, physiological
parameters remained unaffected. In our second model I combined the LPS stimulus with
mechanical ventilation once animals had significant pre‐existing injury. Mechanical
ventilation is essential for the survival of human ARDS patients, however it can cause
iatrogenic ventilator induced lung injury (VILI). In this study I investigated whether specific
blockade of intra‐alveolar TNFR1 could protect mice with established ARDS from VILI. I
showed that administration of the TNFR1 dAb, immediately prior to ventilation, resulted in
significant improvements in physiology, alongside significant changes in alveolar
macrophage responses. These data provide the first evidence that TNFR1 inhibition can
provide protection, in the face of significant pre‐existing injury, strongly supporting the
further investigation of this approach in the clinic.
While TNF signalling via TNFR1 has been well characterised, the signalling pathways
associated with TNFR2 are less clear. In the final section of this thesis I focus on the role of
TNFR2 in macrophages, and demonstrate the effects of TNFR2 signalling on TNFR1 pathways
as well as identifying some potential TNFR2 specific pathways for the first time.
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Chapter 1: Literature Review
1.1 The lung in health
1.1.1 Anatomy
The respiratory system is responsible for providing an organism with an adequate oxygen
supply and carbon dioxide elimination. It can be divided into the upper and lower
respiratory tracts. The upper respiratory tract consists of the nares, nasal cavity, mouth,
throat, pharynx and larynx. The lower respiratory tract consists of the trachea, bronchi,
bronchioles and the alveoli. In all mammalian species the lung is divided into lobes, the
structure of which are shown in Figure 1.1. In man the left lung comprises the upper and
lower lobes, as well as a tongue shaped projection from the upper lobe, the “lingula”, which
lies next to the apex of the heart. The right lung has the upper, middle and lower lobes.

Figure 1.1: Schematic view of the anatomy of the human airways and lung structure. http://bit.ly/2wTEumm: Public domain
image
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1.1.2 Mechanics of breathing
During inspiration, the effort of the inspiratory muscles causes the chest wall to move up
and out, and the diaphragm to flatten. The pressure in the lung is reduced, resulting in a
pressure gradient between the interior of the lung and the atmosphere, causing air to be
drawn into the lung. During expiration, the elastic energy stored in the expiratory muscles is
released as the muscles relax. This results in an increase in pressure in the lungs, causing air
to move out. Expiration is usually a passive process, however, if the elastic energy is
insufficient to provide the pressure gradient for gas to move out of the lungs, the expiratory
muscles can contract to compensate. This occurs during strenuous exercise, or in conditions
where there is increased airway resistance such as chronic bronchial asthma.

1.1.3 Gas exchange & pulmonary circulation
The structure of the lung has a number of adaptations for the efficient exchange of gases.


Surface area: There are approximately 700 million alveoli in the lungs, resulting in a
surface area for gas exchange of approximately 70m2, roughly the size of a tennis
court [1]. The respiratory circulation is also specially adapted to maximise surface
area. The pulmonary vasculature begins with the pulmonary artery, which
repeatedly bifurcates into arterioles and a capillary bed that covers 85‐95% of the
alveolar surfaces [1].



Diffusion distance: The alveolar capillary barrier is extremely thin at only 1µm, thus
shortening the distance over which gases have to travel [2]. The partial pressure of
O2 in inspired air is far higher than in the pulmonary capillaries and the thin alveolar
capillary membrane causes little resistance to gas diffusion, therefore the
concentration of O2 equilibrates quickly between the inspired air and the capillary
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blood [3]. The oxygenation of arterial blood is therefore mainly dependent on the
partial pressure of alveolar gas.


Diffusion time: The volume of blood that can be contained within the pulmonary
capillaries is relatively large, resulting in a drop in blood pressure and slowing of
blood flow, increasing the time for blood gases to diffuse [2].

1.1.4 The alveolar capillary barrier
The alveolar capillary barrier is involved in the immune defence against pathogens that are
inhaled. There are two fluid systems that are involved in this defence, the lung lymph flow
and the alveolar wall liquid [4]. The lung lymph flow provides a communication channel
between the alveoli and the lymph nodes, whereas the alveolar wall liquid forms a
protective layer of surfactant lining the epithelium, and provides a liquid milleu in the air
filled alveolus for immune cells to survey the environment [5].
Under normal conditions, both fluid systems are derived from regulated transvascular flow
of water, and proteins from the blood stream in a process known as microvascular filtration
[6]. The filtrate flows into the lymph system, and is transported into the alveolar space by
active chloride transport to form the alveolar wall liquid [5]. The endothelium is another
major barrier to filtration in healthy animals, and selective protein hindrance by the
endothelial barrier allows the selective passage of small molecules such as insulin into the
lung fluid systems, but prevents large proteins such as albumin from entering [7].
Starling’s law describes the factors that influence fluid transport across a semi permeable
membrane. The two forces that move fluid out of the vasculature and across the alveolar
capillary membrane in the lung are: pressure in the capillary, and interstitial protein osmotic
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pressure. These are balanced by the higher level of protein in the plasma and resulting
oncotic pressure, and interstitial pressure.

1.1.5 Fluid clearance in the lung
The ability of the lungs to clear fluid is essential for the maintenance of pulmonary
homeostasis. The clearance of fluid is mediated by the generation of an osmotic gradient
across between the alveoli and the interstitium. Epithelial sodium channels (ENaC) are
found on the apical surface of the epithelium, where they transport sodium ions into the
cell down a concentration gradient generated by the basal Na+K+ ATPase pump [8]. This
process is vital for the maintenance of the lung lining fluid in the uninjured lung, and the
resolution of pulmonary oedema.

1.1.6 Mechanical defences in the lung
The lung is unique in that it is the only tissue bed that is exposed to the entire cardiac
output, therefore, the lung can readily affect, and be affected by, pathology in the rest of
the body. The lung has a large surface area for gas exchange, however, this also provides a
large area of direct exposure to the external environment. An average human breathes
between 10,000 and 20,000L of air per day, or 10‐20kg. Since the air around us is not sterile,
it is inevitable that the internal surfaces of the respiratory tract will be exposed to
potentially harmful particles, pollutants, bacteria, viruses and fungi.
The natural defences of the respiratory system start with mechanical and anatomical
barriers. These include the epiglottis, a cartilaginous structure that separates the trachea
from the oesophagus thus preventing the aspiration of food or stomach contents. If this
fails, any foreign substance entering the trachea triggers the cough reflex, ensuring their
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timely expulsion from the airways. The progressive narrowing of the airways after each
bifurcation, combined with the turbulence generated by the changing airflow direction,
cause inhaled particles above 5µm to be deposited on the airway wall [9]. Once deposited,
the particles are either carried up and out of the airways by the mucociliary escalator, or
degraded and absorbed into the circulation or lymphatic system [10]. Ciliated epithelial cells
move mucus towards the oropharynx, and are found as far down as the terminal
bronchioles.
The mucus layer is biphasic, with the first layer being a low‐viscosity periciliary layer, and
the upper being a thicker stickier gel‐like layer. Mucins are major glycoprotein components
of mucus. They can either be “tethered” to AECs (MUC4, MUC13, MUC16 and MUC21), or
secreted (MUC5B, MUC5AC and MUC2) [11]. Tethered mucins make up a defensive barrier
at the epithelial barrier, which can be cleaved by host or pathogen associated proteases,
and be removed via the mucocilliary escalator. The secreted mucins form a gel, which helps
to prevent bacterial aggregation and promote clearance [12]. In addition to removing
potentially harmful substances from the lungs, this biphasic mucus helps to humidify the
inhaled air, and protects the delicate epithelium from dehydration [13].

1.2 Maintaining homeostasis in the lung
Of all the sites in the body, the lungs represent the most difficult dichotomy in terms of
immune defence. Although the physical barriers to inhalation of potentially pathogenic
substances are very effective, the lungs are the frequently targeted by pathogens.
Inflammation, however, can impinge on the ability of the lung to perform its main function
of gas exchange; therefore, the lungs have evolved complex mechanisms to remove harmful
particles and pathogens, without causing excessive collateral tissue damage.
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1.2.1 Mucins
As well as having a role in the physical removal of pathogens, the role of mucins in immune
defence is an evolving field, and is not fully understood. In addition to physically removing
pathogens, the secreted mucins MUC5AC and MUC5B have been shown to have important
roles in pulmonary innate immunity. Genetic deletion of MUC5B leads to severe pulmonary
pathology, characterised by chronic bacterial infections and inflammation [14]. Surprisingly,
mice deficient in MUC5AC are protected from ventilator induced lung injury (VILI), which is
thought to be due to decreased neutrophil influx, however this hasn’t been proven [15].

1.2.2 Alveolar Macrophages
In health, the alveolar surface is covered in surfactant, containing alveolar macrophages
(AMs), which make up around 90% of the leukocytes in the airspaces [16]. They are
extremely long lived cells, and have recently been shown to populate the lungs soon after
birth where they live for many years with a very low turnover rate [17, 18]. AMs act as
sentinels, constantly surveying the environment for potential pathogens and particles. AMs
are responsible for the ingestion and clearance of inhaled particles and dying cells, and play
a critical role in the maintenance of alveolar homeostasis [19]. AMs are unusual
macrophages because, unlike other type of macrophage, they don’t express CD11b. CD11b
is an integrin family member with multiple ligands including fibrinogen gamma chain [20],
iC3b [21], high mobility group box protein‐1 (HMGB1) [22], LPS [23] and ICAM1 [24] [25]. It
plays a crucial role in several immunological processes including cell activation, chemotaxis,
extravasation of leukocytes and phagocytosis [26].
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In addition to the AMs, dendritic cells (DCs) lie immediately beneath the alveolar epithelium,
extending dendrites into the lumen to sample the environment looking for potential danger
signals [27].
Alveolar Macrophage activation and inhibition

Figure1.2: Alveolar macrophages (AM) exist at the interface between the inhaled air, and the alveolar capillary
barrier. They therefore encounter foreign substances with far higher frequency than macrophages at other sites in
the body. Inflammation in the lung can result in detrimental consequences for the organism, therefore, AM
mediated responses are tightly controlled, and tend towards the suppression of inflammation. Mediators such as IL‐
10, and soluble or membrane bound transforming growth factor‐β (TGFβ) block pathways that lead to
inflammation, and ntercellular interactions with bronchial or alveolar epithelial cells also deliver inhibitory signals to
alveolar macrophages, for example, through CD200 receptor (CD200R). Although AMs tend to be anti‐inflammatory,
they must also be able to coordinate effective immune responses in the face of infection. Activation of receptors for
inflammatory cytokines, such as tumour necrosis factor (TNF) or interleukin‐1β (IL‐1β), and pattern recognition
receptors (PRRs) such as TLR4, result in the initiation of inflammation. Loss of the ligands for the negative
regulators, for example, following epithelial cell loss during inflammation, will tip the balance towards alveolar
macrophage activation. whereas, increased expression of the negative regulators and inhibition of TLR signalling
pathways, for example, in the resolution of inflammation, tips the balance towards the repression of alveolar
macrophages.
IFNGR, interferon‐γ receptor, IL‐1R, IL‐1 receptor; TGFβR, TGFβ receptor; TNFR, TNF receptor; TLR4 Toll‐like receptor
4.
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AMs express various receptors that allow them to sense their environment, as well as
interact with the pulmonary epithelium and other cells of the immune system. Under most
circumstances, inhaled pathogens and particles are removed by AMs without triggering an
inflammatory response that could impair gas exchange. These “sensing” receptors include
integrins, pattern recognition receptors (PRRs), integrins, and immunoglobulin superfamily
receptors [28]. Although AMs generally suppress inflammation, they also express pattern
recognition receptors, and receptors for inflammatory cytokines, some of which are shown
in Figure 1.2. These allow AMs to appropriately respond to potential pathogens.
In addition to their role as the primary pulmonary phagocyte, AMs are known to play an
important role as antigen presenting cells (APCs) in the control of T cell responses in the
lung. Thepen et al demonstrated that AM depletion downregulated the immune response to
T‐cell dependent antigens, however this downregulation did not occur with T‐cell
independent antigens [29]. AM T‐cell interactions are complex with the consensus being
that AMs inhibit T‐cell proliferation, however controversy still remains regarding the effect
of AMs on the suppression of T cell‐responses [30‐32].

1.2.3 Surfactant
Surfactant is secreted onto the alveolar surface by type II alveolar epithelial cells (AECs). It is
a substance comprised of phospholipids and proteins, which decreases the surface tension
of fluid in the alveoli, greatly reducing the work of breathing [33]. The major biophysical
protection afforded by surfactant relates to its ability to alter the surface tension at the air‐
liquid interface in the alveoli, preventing alveolar collapse and overdistension [34]. In
addition to its biophysical properties, surfactant contains proteins that are biologically
active, which play important roles in the maintenance of immunological homeostasis in the
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lung. Surfactant contains the hydrophilic apoproteins SP‐A and SP‐D, which can bind
carbohydrates, phospholipids and proteins via their collagen‐like N‐terminal domains [35].
These proteins have also been shown to play important immunological roles in the innate
immune defences of the lung. While SP‐A has been shown to bind strongly to bacterial
species such as Pseudomonas aeruginosa and mycobacteria, facilitating their ingestion by
AMs [35, 36], SP‐D has been shown to be able to promote aggregation of Staphylococcus
aureus, streptococci and Haemophilis influenza [37]. In addition, both SP‐A and SP‐D have
been shown to be important in the control of various respiratory viruses [38].

1.3 Acute Respiratory Distress Syndrome (ARDS)
1.3.1 Defining the condition
ARDS was first described by military clinicians working in surgical hospitals in Vietnam,
where they noticed a distinct type of hypoxaemic respiratory failure with acute
abnormalities in both lungs [39]. For more than 20 years after ARDS was first described
there was no common definition of the condition. Incidence rates of ARDS were therefore
historically hard to calculate owing to the confusion surrounding diagnosis. In 1994 the
American‐European consensus committee (AECC) published a definition of ARDS, which
classified patients with severe hypoxaemia (PaO2 /FiO2 <200mmHg) as having ARDS, and
introduced the term Acute Lung Injury (ALI) for a less severe form of ARDS (PaO2 /FiO2
<300mmHg). While these criteria were useful for the recognition of disease severity, they
did not take into account the use protective ventilation strategies, which can greatly affect
oxygenation [40].
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To reduce the limitations of the AECC definition, the Berlin Definition of ARDS was
developed and was published in 2012, and is widely accepted as the “global” definition of
the condition. ARDS is now defined as having an acute onset (less than one week from a
known insult or worsening of respiratory function), and this worsening must not be due to
right sided heart failure and subsequent cardiogenic pulmonary oedema. The Berlin
definition goes on to catagorise the disease as being mild (PaO2 /FiO2 201‐300 mmHg),
moderate (PaO2 /FiO2 100‐200 mmHg) and severe (PaO2 /FiO2 <100mmHg), depending on
the oxygenation status of the patient when ventilated with a positive end expiratory
pressure of at least 5cmH2O. The term ALI is no longer recommended.

1.3.1 Diagnosis of ARDS in the clinic
ARDS is a severe, life‐threatening condition that still has a mortality rate estimated to be
between 30‐75% [41], with survivors reporting decreased quality of life, often due to mental
illness associated with the trauma of the condition [42]. Radiographically ARDS has a
bilateral pulmonary infiltrate without right atrial enlargement. The initial exudative phase of
ARDS is characterised by acute onset dyspnoea and hypoxaemia progressing to respiratory
failure [43]. Respiratory failure is likely to be multifactorial. Patients suffer from
compromised gas exchange due to proteinaceous pulmonary oedema filling the alveoli,
decreased pulmonary compliance due to interstitial and alveolar oedema, and loss of
surfactant [33, 44]. This results in alveolar collapse and destruction of the pulmonary
microvasculature [45]. The pulmonary oedema formation and the altered perfusion of the
lung can lead to significant pulmonary shunting with the associated hypoxia due to the
ventilation/perfusion mismatch [46].

26 | P a g e

1.3.2 Aetiology
Although the Berlin definition has been useful at raising the awareness of ARDS in the
intensive care setting, it is important to remember that ARDS can be triggered by a number
of different conditions. These can be divided into primary (pulmonary) and secondary
(extra‐pulmonary) causes. Primary causes involve direct injury to the lung, and include
pneumonia (~35% of cases [47]), iatrogenic injury by ventilation, pulmonary contusion or
inhalation of injurious agents. Secondary causes involve lung injury as part of a systemic
process, such as ARDS caused by sepsis (~31.5% cases [47]), severe trauma, acute
pancreatitis or hypovolaemic shock. Primary causes of ARDS involve an insult targeting the
alveolar space before moving systemically, whereas secondary causes involve systemic
inflammation that moves towards the alveolar space. These conditions will have markedly
different underlying pathophysiological mechanisms, which may converge at later stages
into a common syndrome. These multiple pathological processes highlight the fact that
ARDS is not a single entity, and is used as a blanket term for conditions that may have
separate aetiologies.

1.3.3 Epidemiology
ARDS has an incidence of around 75 cases per 100,000 people, and affects over 190,000
patients in the USA, which extrapolates to around 33,000 cases annually in the UK,
occupying ~450,000 intensive care unit (ICU) days [41]. Multiple epidemiological studies
have shown that only a relatively small proportion of patients die as a direct result of
respiratory failure, but of associated multiple organ failure (reviewed by Vincent and
Zambon 2006 [48]).
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When the Berlin criteria was applied retrospectively to clinical data, it was found that the
severity categories correlated with mortality, with mild, moderate and severe ARDS having
mortality rates of 27%, 32% and 45% respectively [49]. This study also showed that
moderate ARDS is the most common clinical presentation (50%), with severe ARDS second
at 28%, and mild at 22%.

1.4 The phases of ARDS
The pathology of ARDS can be broadly broken down into three overlapping phases,
exudative, fibroproliferative and fibrotic. The classical hypothesis of ARDS suggests that the
initial event is endothelial and epithelial damage, which leads to exudation and
inflammation. There is then a fibro‐proliferative phase, which may develop into established
fibrosis. The initial insult may be caused by a number of factors, discussed in 1.3.2.

1.5 The exudative phase, and the role of TNF
The exudative phase is characterised by the leakage of proteinaceous fluid, and migration of
leukocytes from the circulation to the pulmonary interstitium and alveolar spaces [50]. This
is due to a combination of alveolar capillary barrier breakdown, adhesion molecule
upregulation, and chemokine release leading to recruitment and activation of leukocytes.
These processes are discussed below.

1.5.1 Alveolar epithelial barrier breakdown
Endothelial cells in pulmonary capillaries are arranged in a continuous single layer, forming a
tight barrier [51]. These cells are strongly adherent to each other via tight intercellular
junctions, which only allow paracellular exchange of very small amounts of water and some
solutes [52], thus facilitating gas diffusion and preventing alveolar flooding.
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Loss of the alveolar capillary barrier leads to severe pulmonary oedema, and subsequent
hypoxia and changes in respiratory mechanics. This can be seen both histologically [53], and
clinically. In human patients suffering from ARDS, radiography typically shows bilateral
airspace opacification indicating the presence of large amounts of fluid within the lung
parenchyma. Severe oedema can lead to increased lung weight, which puts pressure on
capillaries and squeezes blood out of badly affected areas of the lung [54]. In addition to
reducing the surface area for gas exchange and making the lungs less compliant, protein rich
pulmonary oedema fluid is also able to inactivate surfactant proteins [34, 55]. This increases
the work needed to open the small airsacs, resulting in exacerbation of the condition.
This oedema is caused by a combination of three pathological processes:
a) Apoptosis or necrosis of AECs and endothelial cells, leading to barrier disruption
[56, 57]
b) Reduced alveolar fluid clearance, resulting from the loss of type 2 AECs and the
inhibition of crucial sodium transporters such as the epithelial sodium channel
(ENaC) and the Na+K+ ATPase [58]
c) Vascular hyperpermeability due to tight junction breakdown [59]
Inflammatory cytokines are vital for the successful immune response to pathogens;
however, dysregulated inflammatory responses can be deleterious.
Epithelial injury in the lung is one of the hallmarks of human ARDS, and studies have shown
severe compromise of the ultrastructure of type I AECs in patients that died from the
condition [60, 61]. In addition to having type I AEC damage, endothelial cell damage also
contributes to the development of pulmonary oedema. Alveolar‐capillary barrier disruption
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is a hallmark of human ARDS, leading to the diffuse pulmonary oedema and impaired gas
exchange seen in patients.

1.5.2 The impact of TNF signalling on alveolar‐capillary barrier breakdown
There have been various studies examining the impact of TNF signalling on endothelial
permeability. In 1988, Stephens et al demonstrated a link between TNF and sepsis‐induced
ARDS [62]. In this study, groups of guinea‐pigs were given various pathogenic substances
including LPS, E. coli or TNF. The TNF treated group had similar levels of permeability and
oedema as the E. coli treated group, suggesting that TNF was able to cause alveolar capillary
permeability in ARDS. Since then, other studies have supported these findings. Goldblum et
al gave intravenous TNF to rabbits, and showed that this caused an increased lung wet/dry
ratio, and increased BAL protein levels, demonstrating increased pulmonary capillary
permeability [63]. These in vivo findings prompted further investigations into the
mechanisms by which TNF affects the endothelium in ARDS. TNF can cause alveolar‐capillary
barrier dysfunction in a number of ways:
1) TNF induced apoptosis of endothelial cells.
Hamacher et al took BAL fluid from control patients, those who were thought to
be at risk of developing ARDS, and patients at various stages of ARDS. They went
on to demonstrate that BAL fluid from ARDS patients is cytotoxic to
microvascular endothelial cells in vitro, and that inhibition of TNF signalling
prevented this cytotoxic activity [64]. This indicated that TNF, in the presence of
other inflammatory cytokines, is able to directly cause endothelial apoptosis.
2) TNF induced apoptosis of epithelial cells.
In various ARDS models, the massive release of pro‐inflammatory cytokines,
including IL‐1β, TNF leads to the initiation of apoptotic signalling cascades, and
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subsequent death of epithelial AECs [65, 66]. AECs, especially type II AECs are also
crucial for regulating the fluid level in the alveolus via ENaC and Na+K+ATPase
[67]. ENaC has been shown to be downregulated by oxidative stress, which occurs
in the lung under conditions such as infection and inflammation [68]. In addition,
TNF has been shown to directly reduce the transcription of ENaC in epithelial cells
[58]. A more recent study showed that, at least in the kidney, the inhibitory effect
of TNF on ENaC expression may occur through a TNFR1‐induced ceramide
dependent mechanism [69].
3) Cytoskeletal contraction
In animal models of ARDS, pro‐inflammatory cytokines including TNF are
released and bind to their endothelial targets, activating signalling cascades that
result in cytoskeletal contraction and the subsequent creation of inter‐
endothelial gaps [70, 71]. This, facilitates the migration of leukocytes through the
capillary endothelium. In addition to cytoskeletal rearrangement, inflammatory
cytokines such as TNF, promote disruption of tight endothelial cell junctions by
causing the phosphorylation of junction proteins such as vascular endothelial
cadherin and β‐Catenin [72]. TNF also promoted the phosphorylation of Ezrin,
radixin and meosin in microvascular endothelial cells, resulting in cytoskeletal
changes, paracellular gap formation, and increased cell permeability to dextran
and albumin [73].
4) Microtubule destabilisation
TNF has been shown to directly increase endothelial permeability in pulmonary
endothelial cells, by destabilising intracellular microtubules via a RhoA/Rho
Kinase (ROCK‐dependent), myosin light chain (MLC) kinase‐independent
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mechanism [74]. This process was shown to amplify the endothelial cell
contraction, leading to profound permeability increases.

1.5.3 Fluid clearance in ARDS
Defective alveolar fluid clearance (AFC) is a feature of ARDS. In sheep, it was shown that
administration of Pseudomonas aeruginosa caused decreased AFC at both 4 and 24 hours
[75], while in a mouse model of parainfluenza it was shown that the AFC was decreased due
to changes in sodium channel expression and altered barrier permeability [76]. There are
multiple mechanisms that explain this phenomenon, including:


Reduction of ENaC transcription and trafficking caused by hypoxia and hypercapnia,
which trigger endocytosis and cell necrosis via the release of reactive oxygen species
[77, 78]



Biomechanical stress can reduce AFC by causing injury to the alveolar epithelium
[79]



Oedema fluid in ARDS contains high levels of pro‐inflammatory cytokines, as
previously discussed. In excess, these cytokines cause decreased AFC due to AEC
injury.

1.5.4 The effects of TNF on fluid clearance
Although many studies have implicated TNF in the formation of pulmonary oedema,
Rezaiguia et al demonstrated that TNF instillation in rats infected with P. aeruginosa,
increased AFC by 45% over 1 hour, an effect that could be prevented by the instillation of an
anti‐TNF neutralising antibody [80]. It was later discovered that TNF had a lectin‐like
domain, situated at the tip of the molecule, which binds oligosaccharides independently to
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TNF‐TNFR interactions [81]. Braun et al conducted a set of experiments to dissect that
pathways that lead to the apparent dual role of TNF in both the formation and clearance of
alveolar fluid [82]. In these experiments, the researchers blocked either TNF‐TNFR
interactions or TNF‐lectin‐like domain interactions. These experiments revealed that TNF‐
TNFR interactions inhibited AFC, whereas TNF‐lectin‐like domain interactions promotes
oedema reabsorption.

1.5.5 Adhesion molecule upregulation
When examining the upregulation of adhesion molecules it is important to remember that
ARDS can have multiple causes, and the pattern of adhesion molecule upregulation from
one may not reflect the pattern from another. It is, for example, unlikely that the changes in
adhesion molecules seen during sepsis induced ARDS, will be identical to those seen after
VILI. Indeed, in a baboon model it has been shown that E‐selectin was upregulated in a
sepsis model, but not in a hypovolaemic shock model of ARDS [83]. Adhesion molecule
upregulation has been extensively studied in vitro and in animal models [84‐86], however,
human sampling is more difficult and samples tend to be from patients that have died of the
condition. A study of lung tissue from 5 patients with clinically defined ARDS secondary to
sepsis showed upregulation of ICAM‐1 and E‐selectin, but not PECAM or Von Willebrand
(vWF) in the pulmonary vasculature [87].
The response of the pulmonary endothelium to stress, such as stretch or inflammatory
cytokine stimulation, includes the influx of calcium [88], and the activation of intracellular
signalling molecules such as mitogen‐activated protein (MAP) kinases [89]and
phosphokinase‐C (PKC) [90]. The intimal surfaces of the vasculature endothelial cells are
lined by the endothelial glycocalyx, an extracellular layer of glycoproteins,
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glycosaminoglycans and proteoglycans [7]. A study published in Nature Medicine in 2012
showed that, during a model of sepsis, this glycocalyx layer was degraded, increasing the
availability of VCAM and ICAM1 on the endothelial surface and facilitating the adhesion of
neutrophils [91]. Neutrophils can move across epithelial barriers without causing injury,
however, in ARDS neutrophils have been shown to cause tissue injury during this process,
mainly due to the release of toxic mediators, leading to an increase in alveolar capillary
barrier permeability [92, 93]. This contributes to the development of pulmonary oedema,
and subsequent arterial hypoxaemia [94].

1.5.6 The impact of TNF signalling on adhesion molecule upregulation
TNF has been shown to cause upregulation of both VCAM1 and ICAM1 on endothelial cells
introducing the idea that TNF is able to mediate leukocyte adhesion [95]. In 1990 Goldman
et al demonstrated that intravenous administration of TNF antisera was able to reduce
systemic leukocyte sequestration after experimental acid aspiration [96]. The TNF mediated
upregulation of adhesion molecules is mediated via the activation of various transcription
factors, the most important of which is nuclear factor kappa‐light‐chain‐enhancer of
activated B cells (NFκB) [97, 98]. In addition, it has also been suggested that ICAM‐1
induction in endothelial cell may, at least in part, be mediated via Rac1 [99]. The signalling
mechanism for adhesion molecule upregulation in epithelial cells is less well characterised,
however, TNF has been shown to induce similar adhesion molecule changes in AECs,
possibly by a Rac1‐Reactive Oxygen Species ‐dependent cascade [100].

1.5.7 Cytokines, chemokines and immune cell responses
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ARDS is associated with an increase in several pro‐inflammatory cytokines, chemokines and
growth factors. IL‐1β, TNF and IL‐8 (KC in mice) are central mediators of this inflammatory
response, and lead to activation of multiple cell types, resulting in the upregulation of
adhesion molecules as previously discussed. The activation of resident AMs, AECs and the
alveolar endothelium results in an altered lung environment, conducive to the recruitment
of inflammatory cells into the interstitium and the air spaces [101].
Neutrophils
Neutrophils are the first on scene at sites of inflammation, drawn by chemoattractants
released by innate immune cells such as IL‐8, CXCL10, CCL2 and CCL7 [102‐104]. During
ARDS, circulating neutrophils are activated by inflammatory stimuli, resulting in decreased
deformability and subsequent adhesion and retention within the capillary bed [105]. They
then exit the capillary via the endothelium, and migrate across the alveolar epithelium to
the site of injury in the alveolar airspaces [106]. During this migration, neutrophils are
primed to respond to the invading pathogen, and release proteases, neutrophil extracellular
traps (NETs) and reactive oxygen species, to aid in the killing and phagocytosis of potential
threats [107].
There is good evidence that neutrophils have a direct influence on the development of
ARDS, from both human and animal studies. Multiple studies have reported that the
number of neutrophils in the BAL fluid of patients with ARDS, correlates with the severity of
the disease, and that sustained high numbers of neutrophils correlates with poor outcome
[108‐110]. BAL fluid from ARDS patients is highly chemotactic for neutrophils, compared
with BAL fluid from healthy control subjects, indicating high levels of chemoattractants are
present in vivo [111].
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Although this evidence is compelling, it has been difficult to establish a direct causal
relationship between neutrophil recruitment and alveolar capillary barrier disruption, or
indeed clinical outcomes in ARDS patients. Neutropenic patients can develop ARDS in the
absence of invading neutrophils [112], demonstrating that neutrophils are not required for
the pathogenesis of ARDS in all cases. These findings highlight the difficulties working with
such a heterogenous condition.
Macrophages
It has long been recognised that macrophages play a pivotal role in both the initiation and
the resolution of ARDS. Resident AMs have been shown to have both pro‐and anti‐
inflammatory functions. AM depletion has been shown to result in increased inflammatory
responses in a number of lung injury models, suggesting an important anti‐inflammatory
role of these cells [113‐115]. In other models, particularly those using endotoxin where the
injury is dependent on the production of inflammatory cytokines, depletion of AMs prior to
the onset of injury is protective [116]. While AMs evidently have anti‐inflammatory
properties, AM depletion prevents the efficient control of infection, demonstrating their
vital role in the initiation and regulation of immune responses in the lung [117, 118]. AMs
are thought to be protective in human ARDS patients, as studies have shown that increased
numbers of mature AMs in the BAL was associated with a favourable outcome [110, 119].
In addition to the resident AMs, during ARDS there is extensive recruitment of monocytes,
which can differentiate into mature macrophages as they progress through the interstitium
towards the alveolar space [120]. These recruited macrophages are involved in both pro‐and
anti‐inflammatory responses, depending on the cytokine environment and the underlying
cause of the disease. It has, for example, been shown that in patients with nonresolving lung
injury, recruited macrophages persist, and cause chronic inflammation associated with
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tissue destruction and fibrosis [119, 121]. Conversely, increased recruitment of
macrophages to the lungs using monocyte chemotactic protein‐1 is also associated with
attenuated lung injury [103].
This discrepancy shows how complex macrophage activation and function is, and suggests
that altering the activation and subsequent polarisation of macrophages could prove a
useful strategy both for limiting ARDS and potentially speeding up resolution.
Many lines of evidence suggest that macrophages are capable of altering the balance
between tissue damage, and supporting repair mechanisms [122, 123]. For convenience,
activated macrophages can be broadly divided into two main subtypes, M1 and M2,
although there is a large degree of crossover and plasticity between the two [124]. Classical
activation of macrophages with Th1 type cytokines such as IL‐12, IFNγ, TNFα or TLR ligands
such as LPS results in polarisation towards an M1 phenotype that is typically IL‐23hi, IL‐12hi,
IL‐10lo. They produce reactive oxygen species (ROS) and Nitric Oxide (NO) along with other
inflammatory cytokines such as IL‐6 [119]. Macrophages can be activated alternatively (a
generic term for any activation other than the classical activation of M1 cells) by a number
of stimuli including exposure to Th2 associated cytokines such as IL‐4, IL‐13, IL‐10 or
immune complexes, and glucocorticoid hormones [125]. This alternative activation leads to
the differentiation of macrophages that are typically IL‐12lo and IL‐10hi with high levels of the
mannose receptor (MR). Whereas M1 macrophages process L‐arginine to form nitric oxide,
M2 macrophages utilise L‐arginine to form ornithine and polyamine, thereby promoting
resolution after injury [125]. Macrophages are able to change their phenotype depending on
the micro‐environment surrounding them, for example, classically activated M1 type
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macrophages can switch to a more M2 phenotype after phagocytosing apoptotic
neutrophils [126, 127].
Monocytes
Monocytes are bone marrow derived mononuclear phagocytes that circulate in the blood
stream. In the uninjured animal, the Ly6C low group is a population of monocytes that
express high levels of CX3CR1 and low levels of CCR2 [128]. In man there is an approximately
equivalent population that can be identified based on their expression of CD14(+) and
CD16(++) [129]. They are thought to adhere to, and migrate along the luminal side of
endothelial cells in a process known as “patrolling” [123]. In addition, it is thought that the
Ly6C low subset reside in the lung and are the precursors of resident alveolar macrophages
[130].
Ly6C high monocytes have high levels of CCR2 and low levels of CX3CR1 [128], and are also
known as “inflammatory monocytes” due to their rapid recruitment to sites of infection and
inflammation. The equivalent human population can also be identified based on their
expression of CD14(++) and CD16(‐) [129]. Various studies support the notion that Ly6C+
monocytes can alter their phenotype and become Ly6C‐ monocytes in the circulation [131,
132], however, more recently it has been shown that loss of the transcription factor
interferon regulatory factor‐8 (IRF8) results in the loss of Ly6C+ cells in the blood, but only a
partial reduction in the number of Ly6C‐ monocytes. The fact that mice were able to
produce Ly6C‐ monocytes in the absence of Ly6+ monocytes, suggests that there is another
pathway from which these cells can develop [133].
Studies in infectious disease models showed that both sets of monocytes can contribute to
the initial inflammatory response by the release of pro‐inflammatory chemokines and TNF,
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however, in most models the recruitment of Ly6C high monocytes was more robust and
prominent [123]. A recent study showed that Ly6C high monocytes are not a heterogenous
population, and can have multiple fates depending on the environment to which they’re
recruited [134]. The role of monocytes in various models of ARDS has been described in a
number of studies. An ex‐vivo study in mice showed that high tidal volume ventilation
resulted in the direct activation of monocytes within the pulmonary vasculature, which lead
to cytokine release, especially TNF, into the systemic circulation [135]. Steinműller et al
demonstrated that the administration of intraperitoneal LPS resulted in the CCR2
dependent recruitment of monocytes into the lungs of mice, although this did not result in
exacerbated responses to subsequent challenge with intra‐tracheal LPS [136].
In a Listeria monocytogenes model, Ly6C+ monocytes are recruited via CCR2, and
differentiate into TNF+ iNOS+ microbicidal phagocytes [137], which are known as Tip‐DCs
(TNF iNOS producing DCs), although they are now thought to be an activated monocyte
phenotype rather than a DC due to the lack of Zinc Finger and BTB Domain Containing 46
(Zbtb46), a transcription factor that distinguishes DCs from other immune cells [138].
In addition to differentiation in to Tip‐DCs, Ly6C+ monocytes can differentiate into CCR2‐
dependent monocyte‐derived DCs (moDCs or inflammatory DCs) in inflamed tissue [139],
which can be differentiated from classical DCs depending on their expression of the IgG
receptor CD64 [140]. The exact role of inflammatory dendritic cells in the lung isn’t known,
however, some studies have shown that they may be important for the coordination of T
cell responses at the infection site instead of in the draining lymph nodes [141, 142].

1.6 Fibroproliferative and fibrotic phases of ARDS
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In the second phase of ARDS, which usually occurs from day3, there is a proliferation of type
II AECs and fibroblasts. Although fibrosis is usually thought of as later stage event in ARDS,
the earliest detection of evidence of fibrosis was 24 hours after beginning mechanical
ventilation, where elevated type III procollagen peptide was found in BAL fluid [143]. During
this phase, fibroblasts secrete various extra‐cellular matrix proteins within the interstitium.
In addition, they can migrate to the alveolar space where they adhere to damaged sections
of basement membrane, and contribute to fibrotic changes in the alveoli [144]. While this
process is the initial phase of healing, if it becomes dysregulated, it can lead to the
obliteration of alveolar spaces, which become filled with a dense extra‐cellular matrix [145].
Indeed, it has been shown that the lung collagen content more than doubles in ARDS
patients that survive for more than 2 weeks [146].
Excessive fibrosis can lead to scarring, and permanently reduced lung function [147]. In
human ARDS, fibrotic changes have been shown to occur early in the disease course, with
one study finding evidence of fibrosis in 53% of patients ventilated for more than 5 days
[148]. These patients have increased mortality, with a study by Martin et al showing that
57% of patients with fibrosis died, while patients without evidence of fibrosis all survived
[149]. These human studies suggest that a key event in the resolution of ARDS is the
transition to a regulated repair process, with clearance of collagen and the regeneration of
normal tissue architecture. In man, the majority of surviving patients do resolve lung injury
and recover with normal to near normal pulmonary function [42].

1.7 Resolution of ARDS
The resolution of ARDS is complex and is not fully understood. Emerging evidence suggests
that resolution is an active, coordinated process that begins within the few hours after the
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initiation of an inflammatory response. After being recruited to sites of injury, self‐limiting
signalling pathways in granulocytes promote the switch of arachidonic acid‐derived
prostaglandin and leukotriene production, which play important roles in the vasodilation
needed for leukocytes to adhere to the vascular endothelium, to lipoxin production [150‐
153]. Lipoxins actively promote resolution by inhibiting the further recruitment of
neutrophils to sites of inflammation. Lipoxins also reduce vascular permeability, promote
the macrophage phagocytosis of apoptotic neutrophils, and promote the recruitment of
monocyte subsets that are thought to be essential for healing and repair [154‐156].

1.7.1 Cessation of the initiating stimulus
Although there are self‐regulatory mechanisms in place, for ARDS to resolve successfully,
there must be removal of the initiating stimulus. This will differ depending on the individual
patient, but may involve processes as:


The successful clearance of an infection in either the lung or elsewhere



Clearance of harmful particles from the lung via phagocytosis e.g. after smoke
inhalation



Successful treatment of traumatic injury

1.7.2 Resolution of inflammation
For resolution to occur there must be cessation of inflammation. This necessitates the
effective elimination of neutrophils from the tissue and air spaces [157]. Macrophages
ingest apoptotic neutrophils, a process that can alter macrophage phenotype away from the
classical m1 profile and towards an anti‐inflammatory, pro‐resolution phenotype [158].
Anti‐inflammatory macrophages have been shown to secrete a number of cytokines that
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limit the inflammatory response, in particular TGFβ, which has been shown to promote lung
repair, and IL‐10 which has been shown to reduce the synthesis of multiple pro‐
inflammatory cytokines including TNF, IL‐12 and IFNγ [157, 159, 160].
Monocyte derived macrophages accumulate in the lung during injury, and are required for
the successful clearance of apoptotic neutrophils. This is shown by studies where monocyte
depletion leads to delayed or incomplete resolution of injury [103]. Interestingly, in a
murine LPS model of ARDS it has now been shown that these monocyte derived
macrophages do not persist after the resolution of the inflammatory response, but instead
die via Fas mediated apoptosis [161]. Once the initiating source of the injury has been
removed, an intact epithelial barrier must be regenerated, to allow for the removal of
pulmonary oedema fluid via mechanisms described in 1.1.5.

1.7.3 Targeting pro‐resolution mechanisms
The pro‐resolution mechanisms described above are an interesting potential area for
therapeutic intervention. Various recent studies have investigated the use of strategies
aimed at accelerating the resolution of lung injury. D’Alessio et al investigated the
administration of IL‐4 to promote alternative macrophage activation, and showed
accelerated resolution of LPS and P. aeruginosa mediated ARDS [162]. Other groups have
shown beneficial effects of lipoxins and resolvins in animal models of ARDS [163‐165]. While
the promotion of resolution is an exciting new potential therapeutic area, there is much
more to do before we have a full understanding of this process.
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1.8 Treatment of ARDS
Since ARDS was first described, many interventions have been trialled, but only a small
number have been effective. Interventions focusing on supportive care have been key to
improvements in survival and quality of life.

1.8.1 Non‐ventilatory interventions
ARDS patients have severe pulmonary oedema, leading to problems maintaining arterial
oxygenation and worsening the effects of mechanical ventilation. Reduction in pulmonary
oedema has therefore been investigated as a potential strategy to improve respiratory
function. Theoretically, a reducing in capillary pressure and increase in capillary oncotic
pressure should reduce the transfer of fluid from the circulation to the alveolar space. This
can be achieved by either vasodilating the pulmonary vessels, or by reducing blood volume
by fluid management. Selective pulmonary vasodilation, in particular using nitric oxide (NO)
or prostaglandins, has been investigated in the clinic, however these have only have modest
effects on capillary pressure, and large studies have not demonstrated any improvement in
outcome with these therapies [166, 167].
A randomised, multicentre study evaluated fluid restriction in patients without
haemodynamic compromise, and found that conservative fluid management decreased
days spent on ventilation, and improved oxygenation, but did not significantly decrease
mortality at 60 days [168]. Conservative fluid management may confer a benefit, however
this strategy must be applied with caution as it could exacerbate haemodynamic instability
and lead to further organ dysfunction [169] .
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1.8.2 Ventilation
Mechanical ventilation is a lifesaving intervention, however, there is a large body of data
that demonstrates that ventilation in ARDS can also cause or perpetuate lung injury, in a
syndrome known as ventilator induced lung injury or VILI [54].
Mechanical ventilation has various detrimental sequelae. Physiological inhalation is usually
achieved by creating negative pressure between the lung and the atmosphere as previously
discussed. Mechanical ventilation works differently, by pushing air into the lungs and
creating positive pressure. Injured lungs are less compliant due to fibrosis, pulmonary
oedema, and surfactant loss, therefore higher pressures are needed to inflate the lungs.
This leads to the possibility of lung injury cause by high airway pressures, a phenomenon
first described as barotrauma.
The concept of barotrauma focuses on the role of high airway pressures in the lung,
however, various studies have argued that airway pressure per se is not the problem, it is
specifically the over‐distension of the alveolar spaces that leads to damage. This was based
on studies demonstrating no respiratory problems in human populations that regularly
experience high airway pressures due to specific activities such as playing brass instruments
[170]. This was backed up by animal studies in which the chest and abdomen of animals was
strapped to prevent thoracic expansion and limit tidal volume. It was found that high airway
pressures in the absence of high tidal volume did not lead to lung injury, whereas high tidal
volumes in the absence of thoracic restriction did result in lung injury, despite having lower
airway pressures [171‐173].
It has since been recognised that volutrauma as a result of overdistension of the lung is the
main cause of VILI[171]. In addition, the repeated collapse and reopening of air spaces can
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lead to mechanical atelectrauma [174]. Both volutrauma and atelectrauma cause direct
structural injury to the lung by overdistension and friction respectively. In addition, studies
that have blocked inflammatory cytokines have proved effective at attenuating VILI,
demonstrating the importance of the release of biological mediators in response to
structural damage, and leading to the coining of the term “biotrauma” to describe the
injurious inflammatory response to physical stress [175, 176]. Previously in our laboratory
we have shown activation of inflammatory cascades in the lung in multiple cell types after
just five minutes of high stretch mechanical ventilation [177], demonstrating that biotrauma
occurs alongside volutrauma and atelectrauma.
ARDS patients are particularly at risk of volutrauma due to the distribution of pulmonary
oedema in the lung. This results in a heterogeneity with regards to aeration, with areas of
normal aeration and areas of consolidation. The aerated areas of the lung will inevitably
receive the majority of the tidal volume applied, rendering them vulnerable to
hyperinflation and subsequent damage [178, 179].
Current studies regarding protective ventilation strategies have aimed to reduce volutrauma
and atelectrauma, and there are ongoing efforts to better understand and control
biotrauma. Ventilation was traditionally performed at a tidal volume necessary to maintain
arterial pH, O2 and CO2, in the belief that maintaining physiological blood gas parameters
was more important than the risk of volutrauma, and resultant biotrauma.
Protective ventilation strategies include reduced tidal volume and increased positive end
expiratory pressure (PEEP), which helps to minimise atelectrauma by preventing the
complete collapse of alveoli on expiration [171, 180].
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In 1998, Amato et al reported the results of the first clinical trial looking at the effect of
lowering the tidal volume of ventilation on the clinical outcomes in 53 ARDS patients [181].
Patients either received conventional ventilation at 12mls/kg with the lowest PEEP possible
to ensure maximum oxygenation, or patients were ventilated at 6mls/kg with the PEEP
dictated by the lower inflection point on a pressure‐volume curve. In this trial, it was shown
that 38% of patients ventilated at the lower tidal volume survived to 28 days, compared
with 71% of patients on the conventional ventilation protocol.
A landmark study published by the ARDS Network investigated responses to mechanical
ventilation in 861 ARDS patients over a three‐year time period. Again, patients were
assigned to either a 12ml/kg conventional tidal volume, or a 6ml/kg low tidal volume
protocol. The trial was halted early as the results conclusively demonstrated that ventilation
at a low tidal volume was beneficial in ARDS patients, despite the resultant increase in
respiratory acidosis [182]. The trial remains controversial because the 12ml/kg tidal volume
was higher than that used in clinical practice at the time, therefore it could be argued that
the difference in mortality between the low tidal volume and high tidal volume groups was
due to increased mortality in the 12ml/kg group rather than the protective ventilation group
[183]. Even so, the importance of protective ventilation strategies had been well recognised
and accepted.
While pharmacological interventions have fared poorly in clinical trials, interventions aimed
at reducing iatrogenic damage caused by ventilation have improved outcomes for patients
[184]. Recent trials (NCT01470703 and NCT02282657) are exploring the possibilities offered
by new non‐invasive ventilation, high flow nasal cannula oxygen and extracorporeal
oxygenation/CO2 removal (ECMO), as potential future strategies to support patients. Initial
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studies using ECMO have been varied, with two studies reporting no benefit of ECMO over
conventional ventilation as practiced at the time of the study [185, 186]. These studies,
however, used high tidal volumes as was standard practice at the time. Since then, in 2009
there was a large randomised trial (CESAR trial) that showed that transfer to an ECMO
centre was associated with a 16% increase in survival without severe disability compared to
protective ventilation alone [187].
Although ECMO can be a lifesaving intervention, almost all patients on ECMO develop a
systemic inflammatory response syndrome (SIRS), characterised by leukocyte activation,
“cytokine storm” and multiple organ dysfunction [188]. TNF is a major player in SIRS, and it
has been shown that high levels of TNF in the plasma correlates with poor survival in
neonates receiving ECMO [188, 189].

1.9 Multiple organ failure syndrome (MOFS)
The majority of ARDS patients do not die of respiratory failure, but instead die as a result of
multiple organ failure syndrome [48] (MOFS). It is thought that biotrauma leads to both a
local and systemic immune response, which propagates injury to non‐pulmonary organs and
leading to organ dysfunction and eventual death [190]. This is supported by evidence that
shows high BAL and serum inflammatory cytokine levels correlate with mortality, and that
protective ventilation strategies are associated both with lower mortality, and decreased
serum cytokine levels [191‐193].
Injurious ventilation strategies in patients are thought to promote MOFS by a process
known as “decompartmentilisation”, where inflammatory material is transferred between
the systemic circulation and the alveolar space [194]. Mechanical ventilation can cause
direct structural damage to the parenchyma of the lung, resulting in alveolar capillary
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barrier compromise. In addition to causing pulmonary oedema, this also results in increased
permeability to inflammatory products, enabling their access to the systemic circulation
[195]. In animal models, this decompartmentilisation has been shown to be so severe that
whole bacteria can pass into the circulation from the lung [196, 197], although MOFS can
happen without the translocation of bacteria [198].
The consequences of this transfer of inflammatory mediators, from the lung to the
circulation, have been investigated in animal models. One showed increased markers of
kidney damage, and apoptosis of kidney and jejunal epithelial cells after high tidal volume
ventilation in rabbits [199]. Another showed that high tidal volume ventilation increases the
permeability of the gut after just two hours in rats [200]. Interestingly, in this second study,
it was shown that blockade of TNF prevented this increase in gut permeability, indicating
TNF was an important cytokine mediating organ dysfunction after mechanical ventilation.
Biotrauma is an active area of research and offers many potential targets for pharmaceutical
intervention, however, to date there has been very poor translation of therapies from
animals to human trials.
The reasons for this are complex, and are likely to be due to the heterogeneity of human
ARDS. Most patients with ARDS have significant underlying conditions such as sepsis or
trauma, which also result in massive cytokine release, making it difficult to know which
cytokines should be targeted in which patients. It is likely that different pharmacological
interventions will be effective in different patients, depending on the aetiology, disease
stage and co‐morbidities of the individual. Regardless of these considerations, the most
important factor that will improve our chances of translating therapies into patients is a
better understanding of the biology of our targets.
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1.10 TNF
1.10.1 Discovery and cloning
A century and a half ago P. Bruns, a German doctor, described the regression of some
tumours in his patients after a bacterial infection [201]. A few years later an American
oncologist, W. Coley, picked up on this interesting observation, and used bacterial extracts
(which he called Coley’s toxins) as an experimental therapy for the treatment of cancers in
his patients. Despite the crudeness of these experiments, Coley had some success [202]. By
the mid 1900s, Shear et al identified lipopolysaccharide (LPS) as the active agent in bacterial
toxins responsible for the observed tumour regression, and Algire clarified the mechanisms
involved [203, 204]. O’Malley et al demonstrated that LPS does not act directly to cause
haemorrhagic necrosis of tumours, but its effects are mediated through a separate factor
found in the serum that they called tumour‐necrotizing factor [205]. In 1975 Tumour
Necrotizing Factor was better described, and renamed Tumour Necrosis Factor (TNF) [206].
It was shown to be an endotoxin induced glycoprotein that was capable of inducing
haemorrhagic necrosis of sarcomas in mice [206]. It was also shown that TNF has the ability
to induce cachexia in patients suffering from some chronic infections leading to the
alternative name “cachectin”[207]. It was cloned, purified and chemically identified in the
mid‐1980s by Aggarwal et al [208]. These discoveries lead to the discovery of two protein
superfamilies: The TNF superfamily (TNFSF) and the TNF receptor superfamily (TNFRSF).
There are to date 19 ligands and 29 receptors in these two families. Some ligands can bind
multiple receptors, whereas others are receptor specific. These interactions are detailed
below in a figure reprinted by permission from Macmillan Publishers Ltd: Nature Reviews
Immunology [209], copyright 2003.
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The TNF receptor superfamily

Figure 1.3: All ligands, except lymphotoxin‐α and vascular endothelial cell‐growth inhibitor (VEGI) are type II transmembrane proteins
with a carboxy‐terminal extracellular domain, and amino‐terminal intracellular domain and a single transmembrane domain. The C‐
terminal extracellular domain known as the TNF homology domain has 20‐30% amino‐acid identity between the superfamily
members and is responsible for binding to the receptor. The numbers on the left represent the number of amino acids in the
cytoplasmic domain of the receptor. GITR – glucocorticoid‐induced TNFR family receptor, HVEM‐herpes‐virus entry mediator, B‐cell
activating factor (BAFF), ectodermal dysplasin (EDA), TNF‐like weak inducer of apoptosis (TWEAK), a proliferation‐inducing ligand
(APRIL), TNF‐related apoptosis inducing ligand (TRAIL), BCMA‐ B cell maturing antigen, TACI – transmembrane activator and
cyclophilin ligandinteractor, X‐linked EDA receptor (XEDAR, DCR1 – decoy receptor 1, RELT – receptor expressed in lymphoid tissues,
TRAF‐ TNFR‐associated factor
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1.10.2 TNF Production
TNF is produced mainly by macrophages, activated monocytes and certain T cells under
inflammatory conditions, although it can be secreted from mast cells, natural killer (NK)
cells, neutrophils, endothelial cells, smooth and cardiac muscle cells, fibroblasts and
osteoclasts. It is first produced as a 26 kDa protein, which is expressed on the cell surface as
transmembrane TNF (tmTNF). It may then be cleaved by extracellular TNF converting
enzyme (TACE), a matrix metalloproteinase controlled by inactive rhomboid protein 2
(iRHOM2), to release a 17kDa soluble form of the protein (solTNF) [210, 211]. Both soluble
and membrane bound TNF are bioactive and form stable homotrimers in the cytosol, and
the trimerisation seems to be essential for TNF to function [212].

1.10.3 TNFR1 Signalling
The physiological effects of TNFα are mediated by two structurally similar and related, yet
functionally distinct receptors TNF receptor 1 (TNFR1) and TNF receptor 2 (TNFR2) [213‐
215]. TNFR1 is widely expressed throughout almost all of the cells in the body, and signalling
has been well characterised. By contrast, TNFR2 is mainly expressed on lymphoid and
endothelial cells, and its signalling is much less well understood. The final chapter of this
thesis focuses on a set of experiments I undertook to expand the current knowledge on this
receptor. TNFR1 is activated predominantly by solTNF whereas TNFR2 is only fully activated
by tmTNF [216].
Both TNFR1 and TNFR2 have extracellular domains that are rich in cysteine residues, and
can bind the same TNF ligand, however, their intracellular domains are very different [217].
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TNFR1 contains a cytoplasmic death domain (DD), a highly conserved 80 amino acid
sequence that forms a folded structure [218], whereas TNFR2 does not.
TNF signalling can have multiple outcomes, which are dependent on the formation of
intracellular complexes. The ubiquitination status of one signalling molecule, receptor‐
interaction serine/threonine‐protein kinase 1 (RIPK1) [219] dictates which complex is
formed within the cell. Ubiquitination is a process whereby strings of highly conserved
ubiquitin proteins are added to target proteins within the cell to form polyubiquitinated
conjugates[220] [221]. Ubiquitin has seven lysine residues, all of which can accept further
ubiquitin proteins thus generating these polyubiquitin chains [222]. In addition to chains
branching off the lysine residues on ubiquitin molecules, the protein can also form a
canonical peptide bond at the amino terminus, enabling “head to tail” linkages or “linear
ubiquitin chains” [223].
There are three types of enzymes involved in the formation of polyubiquitin chains: E1
ubiquitin activating enzymes, E2 ubiquitin‐conjugating enzymes and E3 ubiquitin‐lygase
enzymes. The type of covalent bond, the length, and the location of the chain can all alter
the fate of the target protein. In TNF signalling, there is polyubquitination at various sites
including M‐1, K11, K48 or K63. Ubiquitination at K63 or M‐1 reinforces protein scaffolding,
whereas ubiquitination at K48 targets the protein for degradation, leading to the shutdown
of intracellular signalling. Ubiquitination at site K11 can cause degradation or stabilisation
depending on the protein in question [221, 224].
Upon the binding of trimeric TNF to TNFR1, the DD fold undergoes a conformational change
allowing the recruitment of TNFR1 –associated death domain protein (TRADD) to the TNFR1
receptor complex [225]. TRADD is an adaptor protein that then recruits RIPK1 [226]. The
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TNFR1, TRADD, RIPK1 complex is essential for effective TNFR1 signalling as it allows the
assembly of distinct complexes, called complexes I, IIa, IIb and IIc.
Complex I is composed of TRADD, RIPK1, TRAF2 or TRAF5, cellular inhibitor of apoptosis
protein 1 (cIAP1) or cIAP2, and the linear ubiquitin chain assembly complex (LUBAC). After
the co‐localisation of TNFR1‐TRADD‐RIPK1 complex, TNF receptor‐associated factor 2
(TRAF2) binds to the TRAF‐binding domain of TRADD [227]. TRAF‐2 binds to cellular inhibitor
of apoptosis protein 1 (cIAP1) and cIAP2, which are E3 ubiquitin ligases that mediate the K63
polyubiquitination of RIPK1 [228]. It is thought that TRAF2/5 can also fulfil this role, but this
is controversial. Research by Li et al., suggested that ubiquitination of RIPK1 was essential
for TNFR1 mediated NFκB activation, as both cIAP1 and cIAP 2 demonstrated the ability to
add polyubiquitin chains to RIPK1 at site K63 resulting in scaffolding stabilisation, facilitating
downstream signalling [228]. RIPK1 ubiquitination allows the recruitment of both the
transforming growth factor (TGF)‐activated kinase I (TAK1) complex and the inhibitor of κB
(IκB) (IKK) complex [220, 229, 230].
The TAK1 complex consists of two TAK1 binding proteins (TAB2 and TAB3) and
phosphorylate mitogen‐activated kinase (MAPK). This complex activates the transcription
factors p38, AP1, and c‐JUN N‐terminal kinase (JNK) [231, 232].
The IKK complex consists of NFκB, two catalytic subunits IKKα and IKKβ, and the essential
modulator (NEMO). Activation of this complex phosphorylates IκB proteins, marking them
for ubiquitination at position K48, and subsequent proteosomal degradation [233]. This then
allows the translocation of NFκB to the nucleus.
NFκB, AP‐1, p38 and JNK play a vital role in transcribing multiple genes involved in
inflammation, host defence, survival and proliferation.
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Complex IIa require the polyubiquitin chains from the K63 and M1 on RIPK1 to be removed
by cylindromatosis (CYLD), resulting in RIPK1 dissociating from membrane bound complex 1
[234]. This is an important regulatory step in TNF signalling and occurs 10‐15 minutes after
TNF stimulation [65]. Once dissociated from complex 1, RIPK1 interacts with TRADD in the
cytoplasm and forms complex IIa consisting of RIPK1, TRADD, Fas‐associated death domain
(FADD), pro‐caspase 8 and the long isoform of FLICE‐like inhibitory protein (CFLAR) [235].
While complex IIa requires de‐ubiquitination by CYLD, complex IIb is formed when RIPK1
failed to be ubiquitinated in the first place due to a lack of cIAPs due to either depletion or
degradation [236]. Complex IIb is formed from non‐ubiquitinated RIPK1 that has dissociated
from complex I on the membrane. It recruits RIPK3, pro‐caspase 8 and CFLAR [65].
Complexes IIa and IIb both modify pro‐caspase 8 to produce active caspase‐8, which then
undergoes auto‐cleavage and leads to apoptosis via a caspase cascade involving the
executioner caspase 3 [237]. In addition to its role in initiating apoptosis, Caspase 8 also
plays a dual role in promoting cell survival via its catalytic activity rather than its
autocleavage [238]. Caspase 8 supresses necrotic cell death via the cleavage of CYLD,
preventing the formation of complex II from complex I [239], and it cleaves RIPK1 and RIPK3
in complex IIa and IIb, preventing their aggregation into complex IIc [240].
Complex IIc is formed when de‐ubiquitated RIPK1 or RIPK3 is not cleaved by either active
caspase 8, or the pro‐caspase 8‐CFLAR heterodimer. If this process does not happen, RIPK1
and RIPK3 aggregate to form complex IIc, also known as the necrosome. The necrosome
activates mixed lineage kinase domain‐like protein (MLKL), leading to necroptosis – a non‐
controlled cell death resulting in plasma membrane failure and subsequent leak of
intracellular material and severe inflammation [241‐243].
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1.10.4 TNFR2 Signalling
TNFR2 signalling is much less well understood, and the final chapter of this thesis focuses on
a set of experiments I undertook to expand the current knowledge on the effects of TNFR2
signalling. TNFR2 expression is restricted to lymphoid cells, endothelial cells, and certain cell
types within the central nervous system (CNS)[244].
TNFR2 doesn’t have a death domain and is only fully activated by membrane bound TNF,
unlike TNFR1 which mainly responds to soluble TNF [216, 245]. Instead, TNFR2 binds weakly
to TRAF1 or TRAF2, resulting in cIAP1 or 2 recruitment [246]. TRAF1/2 and cIAP1/2 trigger a
degree of downstream MAPK and NFκB signalling via complex I, indicating that TNFR2 plays
a homeostatic role in cell survival, cell proliferation and tissue generation [244]. It has been
proposed that TNFR2 signalling results in the activation of NFκB via the alternative NFκB
pathway.
In mammals, the transcription factors of the NFκB family are homodimers or heterodimers
of p65(RelA), RelB, cREL, NFκB1(p50) and NFκB2(p52). Precursor proteins p105 and p100 are
broken down in the proteosome to form NFκB1 and NFκB2 respectively [233, 247]. In cells
that are unstimulated, these dimers are bound to members of the IκB family, and are
retained in the cytoplasm. IκBs contain six or seven ankyrin domains, which inhibit the NFκB
proteins. Although p105 and p100 can be broken down to form active NFκB1 and NFκB2,
they also contain the same ankyrin domains; therefore can act as IκB proteins [233, 247].
Classical NFκB activation occurs when cells are stimulated by appropriate inducers such as
TNF, IL‐1 or LPS. The IKK complex targets IκBs for degradation or, in the case of p105 and
p100, partially degradation as previously discussed.
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The noncanonical NFκB pathway is stimulated by a subset of TNF family members, including
TNFR2 (in some cell types)[216]. It involves the sequential activation of NFκB inducing kinase
(NIK) and IKK1, subsequent p100 phosphorylation, and ubiquitination and partial proteolysis
by the proteasome to produce p52. P52 primarily associates with RelB, and translocates to
the nucleus [248]. This process occurs independently from the rest of the IKK complex [247].
While TNFR2 has been shown to induce this pathway in T cells there was no evidence of
p100 proteolysis in primary macrophages, suggesting this mechanism is cell specific [216,
249].
In the same study, Ruspi et al demonstrated that TNFR2 signalling is essential for the
degradation of TRAF2 in bone marrow derived primary macrophages, however the
functional consequences of this are unclear [249]. Stimulation with TNF reduces the
response of cells to further TNF challenge, indicating that tolerance induction takes place.
Ruspi et al hypothesised that TRAF 2 degradation, and thus TNFR2, was required for TNF
induced tolerance via p38 MAPK inhibition, however this was shown not to be the case
[249]. Interestingly, it was shown that although TNFR2 was not required for p38 MAPK
activation and subsequent IκBα degradation when stimulated with high concentrations of
TNF, at low concentrations it did play a role. This suggests that TNFR2 may sensitise TNFR1
to TNF induced NFκB and p38 MAPK pathways [217].
It is likely that TNFR1 and TNFR2 interact in ways that are not yet fully understood. It has
been suggested that the difference in the binding affinity of TRAF2 for TRADD and TNFR2
indicates that TNFR2 has some kind of regulatory effect on TNFR1 signalling within a cell
[246, 250]. Various mechanisms governing this interaction have been proposed, with the
most well‐known involving a system of ligand passing. This suggested mechanism involves

57 | P a g e

TNFR2 binding to TNF and increasing the concentration around TNFR1 receptors, which then
accept ligand from TNFR2 [251], however this remains controversial.

1.10.5 In vivo effects of TNFR2 signalling
In vivo, TNFR2 has been shown to have roles in a number of processes and pathological
conditions. These roles can be both pro and anti‐inflammatory, depending on the cell type
and disease process.
TNF exerts some of its anti‐inflammatory effects through TNFR2 on regulatory T cells
(Tregs). Treg cells have high levels of TNFR2, which is necessary for Treg differentiation,
function, and stabilisation of Treg phenotype in the inflammatory environment [252, 253].
TNFR2+ Tregs are more suppressive than TNFR2‐ Tregs, suggesting that this receptor plays
an important role In immune suppression [254, 255]. TNFR2 has been shown to promote
apoptosis in activated T cells [256], and protect from ischemia/reperfusion injury after
myocardial infarction [257]. TNFR2 signalling protects from arthritis by regulation of
osteoclastogenesis, resulting in reduced joint inflammation and erosive bone destruction
[252, 258]. TNFR2 also has neuroprotective effects such as preservation of cognitive
function after impact brain injury, and seizure inhibition [259] [260].
Defects and polymorphisms in the TNFR2 gene, or in TNFR2 shedding have been implicated
in a number of autoimmune diseases such as rheumatoid arthritis (RA), systemic lupus
erythematosus (SLE) and inflammatory bowel disease (IBD) [261‐263]. Work previously
undertaken in our laboratory has demonstrated that loss of TNFR2 is deleterious in various
models of ARDS [264, 265]. Together, these data suggest that TNFR2 has an important role
as an immune modulator, even though the mechanisms underlying this are not known.
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The roles of TNFR1 and TNFR2 in vivo are wide ranging. Although it has been shown in mice
that deletion of TNF is not lethal, studies in mice show that it is required for proper
lymphoid organ organisation and function, as well as for host defence responses against a
variety of pathogens [266]. TNF has been shown to be a key regulator of multiple
inflammatory responses, and it has been established as a major contributor to many
different pathologies.

1.10.6 The evolution of therapies targeting TNF
Anti‐TNF therapies were first tested in mice to combat rheumatoid arthritis (RA), a
debilitating joint disease that occurs as a result of immune mediated cartilage destruction.
In 1989, cells taken from the synovial membranes in patients with clinical RA were shown to
produce large amounts of inflammatory cytokines including IL‐1, TNF, IL‐6 and granulocyte‐
macrophage colony‐stimulating factor (GM‐CSF) [267]. Although samples were taken at
different points in the disease course of individuals, the increased production of
inflammatory cytokines was consistent. This suggested that the production of these
cytokines was continuous, and may be part of the underlying pathology. Studies using anti‐
TNF antibodies showed that inhibition of TNF signalling was able to affect the production of
other inflammatory cytokines such as IL‐1 [268], and further justified TNF as a promising
therapeutic target. Further studies in vitro showed that inhibition of TNF signalling resulted
in widespread regulatory effects, including the downregulation of other pro‐inflammatory
cytokines including IL‐6, GM‐CSF and IL‐8 [269‐271].
It was then shown that TNF was identified as a major contributing cytokine in animal models
of RA, and in 1992, anti‐TNF therapy in mice was shown to be beneficial to mice with type II
collagen induced arthritis [272‐274]. The combination of in vitro and in vivo studies provided
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a firm rational for the development of anti‐TNF therapy in humans. TNF was already being
looked at by several biotech companies as a potential target in the treatment of sepsis, and
several anti‐TNF antibodies, or TNFR‐IgG‐Fc fusion proteins had already been developed.
This enabled swift trials into their effectiveness in RA. Due to the level of uncertainty of the
benefits and potential risks of the new therapy, only patients with RA that was long
standing, and had failed to respond to other treatments were entered into the trial. They
were given the highest dose of anti‐TNF antibody that toxicological studies had deemed
safe, the improvements were significant and rapid [275]. Later double blind trials proved
there was a dose responsive improvement in RA conveyed by anti‐TNF therapy, with 79% of
patients responding to the high dose, 44% to the low dose, and 8% to the placebo [276].
TNF antagonists have since proven effective in the treatment of many inflammatory
diseases such as ankylosing spondylitis, inflammatory bowel disease and psoriasis [277,
278].
Anti‐TNF therapies tend to be given long‐term in these diseases and, although anti‐TNF
drugs have revolutionised the treatment of many conditions, there are concerns about the
side effects of long term treatment. TNF plays a vital role in the defence against infection,
especially against intracellular pathogens. It is therefore feared that anti‐TNF therapies may
result in increased susceptibility to infections. In animal studies, anti‐TNF therapy was
associated with reactivation of latent tuberculosis, however human trials are hard to
interpret as most RA and Crohne’s disease patients also receive additional
immunosuppressive treatments. In a randomised clinical trial, 1049 patients were separated
into 3 groups and followed for 54 weeks. Those receiving infliximab in combination with
methotrexate were approximately twice as likely to suffer from serious infection than those
receiving methotrexate alone [279]. These findings have been repeated in a large meta‐
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analysis, which showed that the risk of serious infection approximately doubles in patients
receiving anti‐TNF treatments for RA [280]. In addition to increased risk of infection, a
second meta‐analysis demonstrated a small, non‐significant increase in the risk of
developing malignancy in patients receiving anti‐TNF therapy [281].

1.10.7 Targeting TNF in ARDS
TNF has been implicated in the pathogenesis of ARDS in both clinical and experimental
models, however, trials in sepsis patients (with ARDS as an associated problem) aiming at
inhibiting TNF through fusion proteins or monoclonal antibody therapy have been
disappointing [282‐284]. A large meta‐analysis by Qiu et al demonstrated a small but
significant benefit of anti‐TNF therapy [285], suggesting that TNF is involved and is a
relevant target. There are various reason that may be underlying the unremarkable effects
of anti‐TNF therapy in the clinics. Research carried out previously in our lab has shed light on
this problem by showing signalling through TNFR1 and TNFR2 produces opposing effects
[264, 265].
Over the last 5 years this lab has been investigating the effects of specific TNFR1 or TNFR2
receptor inhibition in models of lung injury and it has been shown that prophylactic
inhibition of TNFR1 attenuates VILI [175] and acid induced ARDS [66]. Our lab has shown
that TNF‐mediated death signalling determines the functional derangement of alveolar
epithelial cells and thus modifies the early exudative disease course [66].
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1.11 Project aims
I hypothesise that pathophysiological responses in animal models of ARDS can be
modulated by differential TNF receptor signalling, via altered alveolar macrophage
responses to inflammatory stimuli. I further hypothesise that TNFR2 signalling acts to
modulate TNFR1 mediated inflammation, and loss of TNFR2 signalling will lead to
exacerbation of inflammation induced ARDS.
To investigate this hypothesis I will:
1) Firstly, to investigate TNFR1 signalling in inflammatory models of ARDS, I aim to
develop and characterise models of ARDS that replicate as many of the pathological
features of the human condition as possible. I will then examine alveolar
macrophage phenotype at various timepoints, to investigate how they change
throughout the course of the disease.
2) To investigate the effects of TNFR1 specific blockade in these model, I will use a
novel domain antibody (dAb™) developed by GlaxoSmithKline. In addition to looking
at the physiological affects of TNFR1 inhibition, I will also investigate whether
inhibition of TNF alters the way in which alveolar macrophages respond during the
disease course.
3) While we have demonstrated previously that blockade of TNFR1 is effective at the
prevention of ARDS onset after VILI and acid induced injury, we have not shown a
benefit of treating after the initial injury. In this project, I will investigate the
hypothesis that TNFR1 blockade is an effective therapeutic strategy in a clinically
relevant, combined inflammatory and ventilation model.
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4) TNFR2 signalling isn’t well understood, despite multiple studies demonstrating a role
for this receptor in multiple conditions, therefore, I will investigate TNFR2 signalling
pathways.
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Chapter 2: Materials and Methods
2.1 Buffers, stocks and solutions
2.1.1 Serum: Heat inactivated Foetal calf serum (FCS; Sigma‐Aldrich) was used at all times
to avoid any issues with complement activation

2.1.2 FACS buffer: used for intracellular cytokine staining (ICCS) protocols and for flow
cytometry, consists of 500ml phosphate buffered saline (PBS) with 1% BSA, 0.05% sodium
azide and 5mM EDTA (Sigma).

2.1.3 IC fixation buffer: (eBioscience): Used to fix lung cells for 2 minutes after isolation
and dissociation, contains 4% paraformaldehyde.

2.1.4 Permeabilization buffer: Used to permeabilize cells to allow staining of
intracellular cytokines during the ICCS protocol, 1X final working solution contains 0.1%
Saponin and 0.05% Sodium Azide.

2.1.5 Red blood cell lysis buffer (Sigma‐Aldrich): Used to lyse red blood cells when
analysing blood samples by flow cytometry.

2.1.6 ELISA block: Used to block non‐specific binding of proteins to capture antibodies
during ELISA analysis of BAL fluid, consists of 500ml PBS and 1% bovine serum albumin
(BSA).
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2.1.7 ELISA wash solution: Used to wash ELISA plates between the application of
antibodies, samples/standards and streptavidinperoxidise, consists of PBS with 0.0005%
Tween (Sigma Aldrich).

2.2 Surgery
2.2.1 Intranasal dosing
Mice were anaesthetised in an anaesthetic chamber, using 3% isoflurane. Once the mice
were anaesthetised they were removed, held on their back, and 50µg LPS was introduced to
the nose of anaesthetised mice in two 25µl doses using a sterile pipette tip. Success of
dosing was confirmed by the mice demonstrating an altered breathing pattern, and
checking that LPS was not expelled from the nose or mouth. Once gasping had stopped,
animals were allowed to recover in room air, and monitored until they were fully awake (2‐5
minutes).

2.2.2 Anaesthesia and instrumentation
Animals were anaesthetised with an intraperitoneal injection of 80mg/kg ketamine (Ketaset,
Pfizer, Kent, UK) and 8mg/kg xylazine (Xylacare, Animalcare Ltd, UK), and placed in a high
oxygen environment while they lost consciousness. Once anaesthetised, mice were
transferred to a heat pad, and covered with a blanket to prevent hypothermia, which is a
common problem when anaesthetising small animals. Instrumentation began once mice had
lost the pedal pinch reflex, usually around 10 minutes after induction. Mice were placed in
dorsal recumbency, and the fur on the ventral side of the neck was clipped. The area was
sterilised using iodine. A surgical incision was made to access the trachea, into which an
endotracheal tube was placed and secured. Before insertion the ET tube was measured and
marked, to minimise the chance of it being inserted too far and only ventilating one lung.
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The ET tube was connected to a custom made ventilator, which used electronic solenoid‐
controlled valves to control the respiratory rate, the gas flow, and to maintain the
inspiratory:expiratory ratio of 1:2.

2.2.3 Monitoring
A rectal thermometer probe was inserted to allow for constant monitoring of body
temperature.
An intraperitoneal catheter was inserted, to minimise the risk of abdominal trauma during
anaesthetic top up injections.
After the endotracheal tube was placed, and mice were being ventilated at a low tidal
volume, the left carotid artery was exposed and cannulated. The cannula was attached to a
syringe driver, which continuously infused heparinised saline at a rate of 0.3ml/hour. The
cannula was also connected to a pressure transducer, enabling the constant monitoring of
blood pressure. To measure arterial blood gases, the carotid cannula was placed into a
heparinised capillary tube and ~100µl of blood was collected. It was immediately analysed
using a RapidLab 248 blood gas analyser. After sampling, a 100µl bolus of heparinised saline
was given through the carotid line, to replace the blood volume taken.

2.2.4 Termination
At the end of an experiment, mice were exsanguinated by transecting both carotid arteries.
Blood for later analysis was collected, and heparinised saline was added to prevent clotting
of the sample.
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2.2.5 Bronchoalveolar lavage (BAL)
Once all muscle contractions had stopped, BAL was performed. A 1ml syringe was filled
with 700µl ice cold saline. A blunt 17G needle was used to gently instil the saline into the
lungs via the ET tube. The saline was then slowly withdrawn, with care being taken not to
cause trauma by performing the lavage too quickly. The same saline was then re‐instilled
twice more (for a total of three times). BAL Protein concentration was measured using the
Bradford protein assay, and BAL fluid (BALF) samples were also stored for cytokine and
chemokine analysis.
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2.3 Respiratory physiology
2.3.1 Ventilation protocols
For all ventilation experiments, mice were initially ventilated using 100% oxygen at a low
stretch, defined by a tidal volume (VT) of 8ml/kg. The respiratory rate was set at 120 breaths
per minute (bpm), and the positive end‐expiratory pressure (PEEP) was ~3cmH2O.

2.3.2 Recruitment manoeuvres
Recruitment manoeuvres involve sustaining the pressure within the lung at around
35cmH2O, and for 5 seconds. Recruitment manoeuvres are effective at restoring
oxygenation and reducing airway pressures, however, they are not generally recommended
in human patients on long term ventilation. Derecruited lung in ARDS patients is likely to
have significant alveolar flooding, therefore higher airway pressures are required to
overcome their opening threshold. Using recruitment manoeuvres to open these areas of
the lung will therefore inevitably subject non‐dependent regions to higher pressures, and
potentially cause overdistension and subsequent volutrauma [286].
Ventilation experiments require mice to be positioned in dorsal recumbency, and require
anaesthesia. Both of these factors increase the chances of atelectasis, resulting in increased
airway pressures. To combat this, recruitment manoeuvres were performed after
instrumentation, and at regular intervals during ventilation. The aim was to recruit alveoli
that may have collapsed during anaesthesia and surgery time. During longer ventilation
protocols, recruitment manoeuvres were performed at 15 minute intervals to prevent
atelectasis.
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Typical recruitment manoeuvre shown on LabChart

Figure 2.1: LabChart readout during a recruitment manoeuvre (black box), showing the airway pressure (top) and flow rate
(bottom). After the recruitment manoeuvre, there is a clear reduction in peak airway pressure, showing that atelectasis has
been reversed.

2.3.3 Measurement of respiratory mechanics
The mechanical properties of the lung can be determined by measuring its elastic
properties. This was done using the previously described end expiratory occlusion
technique, which allowed us to distinguish between resistance and elastance [287]. The
peak pressure, plateau pressure, positive end expiratory pressure, tidal volume and flow
rate were measured as shown in Figure 2.2. For each measurement, the average over 4
breaths was calculated to ensure the results were representative, and reduce the chance of
outlier results affecting the overall data.
The elastance, and resistance were calculated using the formulae shown below Figure 2.2.
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End inspiratory pause technique using LabChart
Plateau inspiratory
pressure

Peak Inspiratory
Pressure (PIP)

Positive end
expiratory pressure
Flow rate
Tidal Volume
Inspiration

Inspiratory
pause

Expiration

Figure 2.2: The upper trace shows the pressure, and the lower shows the airflow during two inspiratory pauses. During an inspiratory
pause, inspired gas is temporarily held within the lungs, allowing the pressure to plateau before it is released. This allows the calculation of
elastance, tidal volume, and resistance. A protective PEEP was maintained at as close to 5cmH2O as possible without causing a drop in
arterial blood pressure.

Tidal Volume (ml/kg) = Volume (ml)/Body weight (kg)
Elastance (cmH2O/ml) = (plateau (cmH2O) – PEEP (cmH2O))/Tidal Volume
OR, if taking body weight into account,
Elastance (cmH2O/ml/kg) = (plateau (cmH2O)‐PEEP (cmH2O)/(Tidal Volume/Body weight
(g))
Resistance (cmH2O/ml/s) = (PIP‐Plateau)/Flow rate
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2.4 In Vitro Protocols
2.4.1 BMDM differentiation
BMDM differentiation medium was first generated, then warmed to 37°C in a waterbath.
The medium contained:


Glucose 4.5g/L



2mM L‐Glutamine (Sigma Aldritch, UK)



1mM Sodium Pyruvate (Sigma Aldritch, UK)



50mM 2‐mercaptoethanol (Invitrogen, Paisley, UK)



100U/ml Penecillin/Streptomycin (Sigma Aldritch, UK)



10% Heat inactivated foetal calf serum (FCS) (Gibco)



5% Heat inactivated horse serum (Gibco)



50ng/ml synthetic M‐CSF (Peprotech)

During the preparation of BMDM differentiation medium, all components were passed
through a 0.22µm sterile syringe filter (Merck Millipore, Massachusetts USA) to ensure no
contamination was possible. The bone marrow was passed through a 40µm cell strainer,
and resuspended in 150ml BMDM differentiation medium. 50ml of cell suspension was then
added to three FEP Teflon™ bags and cultured for 7 days. Cells were then placed onto plastic
at time 0. This synchronised the time at which cells adhered, and removed the need to cell
scrape or chemically detach cells, both of which can cause cell damage and release
substances into the supernatant that can cause activation [288]. This protocol has been
widely published and has been shown to result in ~95% homogenous macrophage
population [289, 290]. I modified the protocol slightly by shortening it to 7 days, but
increasing the M‐CSF concentration to ensure a high yield and purity of cells.
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2.4.2 Cell counting
Cells were counted using a NucleoCounter® NC‐200™ automated cell counter (Chemometec,
Allerod Denmark), which also calculated the %dead cells per sample.

2.4.3 Confirmation of BMDM phenotype

FS Lin

F4/80

SS Area

SS Area

Flow cytometry plots showing surface markers on differentiated BMDMs

CD11b

MHCII

Figure 2.3 BMDMs were cultured for 7 days in BMDM differentiating medium, then cells were fixed and stained using
fluorophore conjugated antibodies for CD11b, F4/80 and MHCII. Cells were then analysed by flow cytometry.

To ensure that the BMDM differentiation had been successful I checked the cells for
macrophage markers, including CD11b, MHCII and the macrophage specific F4/80. I also
checked CD45 expression, which was strongly positive. In Figure 2.16 we can see that 95.8%
of cultured cells were positive for CD11b, and of these 99.8% were positive for F4/80 and
MHCII. From this I concluded that the differentiation protocol used gave a highly
homogenous macrophage population.

2.5 RNA‐seq
2.5.1 RNA‐seq protocol
Protocols for RNA‐seq vary between platform and company, however the Illumina protocol
used in these experiments is currently the most commonly used. Illumina offer a number of
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different kits, however I used the TruSeq Stranded Total RNA kit in these experiments. I
used the TECAN Freedom Evo® Next Generation Sequencing (NGS) Workstation for sample
preparation. Automated sample prep has many advantages. It ensures timings for
incubations are exact, reduces workload, as well as almost entirely eliminating pipetting
error. This last point is especially important as the protocol for DNA library preparation is
long and contains many pipetting steps, therefore there is a significant chance for mistakes
to be made.
RNA‐seq using the TruSeq Stranded Total RNA kit required 100ng RNA as starting material.
RNA from BMDM samples was quantified using an Agilent 4200 Tapestation, and 100ng RNA
from each sample was added to each well of a 96 well 0.3ml PCR plate, and the volume
made up to 10µl using ultra‐pure water.
The protocol comprised the following steps:
a) Enrichment of RNAs of interest from total RNA
There are two main types of Illumina RNA‐seq kits, which are both designed to separate
RNA of interest from the more abundant ribosomal RNA. The first method specifically
selects for mRNA using poly‐T beads that hybridise to the poly‐A tail on RNA. The second
method uses “RiboZero” beads, which are bound to a single strand of DNA, which in turn
bind to a conserved sequence present in all ribosomal RNA. The beads in both kits have an
iron core, therefore the RNA of interest can be separated from ribosomal RNA using
magnets, similar to magnetic activated cell sorting techniques. While poly‐A m‐RNA
selection is simpler and easier, it does not allow for the sequencing of the full
transcriptome. I therefore chose to use the ribosomal RNA depletion method, to allow us to
fully characterise the cellular response. Ribosomal depletion was carried out according to
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the manufacturer’s instructions, using the protocol modifications specified in the TECAN
Automated TruSeq® Total RNA Sample Preparation protocol.
RNA fragmentation

AAAA

TTTT

PolyA selection, fragmentation and random priming

rRNA
RiboZero

rRNA depletion, fragmentation and random priming

Figure 2.4: Two methods of RNA selection. The first uses poly‐T conjugated beads to bind to poly‐A tails on mRNA. These are then placed in a
magnetic field for 5 minutes and the remaining supernatant is removed, leaving just the mRNA bound to the iron core beads. The second
method uses RiboZero beads which bind to a conserved sequence on rRNA. The plate is then placed in a magnetic field for 5 minutes, and the
supernatant containing the other RNAs is removed and placed in a second PCR plate to be used. The rRNA conjugated beads are then discarded.
Once the RNAs of interest have been isolated, they are fragmented and primed for cDNA synthesis.

The majority of sequencing platforms require RNA molecules to be between certain lengths.
The Illumina TruSeq Stranded Total RNA kit used in these experiments required RNA
fragments of ~70‐200 base pairs. To obtain the correct length of fragments, larger RNA
molecules were fragmented using Illumina’s Elute, Prime, Fragment mix at 80°C for 7
minutes.
b) Double stranded cDNA synthesis
Most NGS platforms are only able to sequence DNA, therefore reverse transcription is used
to create cDNA copies. In older systems it wasn’t possible to distinguish the 5’ and 3’ cDNA
molecules, therefore information about which strand was originally transcribed was lost. In
the Tru‐Seq stranded system, strand information is preserved as later described. This
enables reads that could otherwise not be uniquely mapped to the genome to be mapped
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correctly, resulting in a higher percentage of alignable reads. It also enables the detection of
antisense expression and provides a larger, more complete picture of the transcriptome.
c)

Adaptor ligation and PCR amplification

3’

5’

AAAAA

P
3’

AAAAA

5’
P

The 5’ and 3’ ends of the DNA are tagged
with a phosphate group and a polyA overhanging tail
Different Read 1 and 2 sequencing primers are
needed for paired end sequencing.

P7

P5
Read2 SP

Read1 SP
P

AAAAA

AAAAA

P TTT

TTT
Index
P7

Index

Read1 SP
Read2 SP
P5 and P7 are examples of oligonucleotide primers that will later bind to the flow cell
where the bridge amplification and sequencing occurs. They also allow the identification
of the 5’ and 3’ ends of the sample, and act as primers for the small number of rounds of
PCR necessary in the protocol

P5

Rd1 SP

DNA of interest

Rd2 SP

Index

P5

P7

After adaptor ligation the user ends up with two strands that have the 5’ and 3’ ends, tagged with primers
that identify them, and an index molecule that acts like a bar code and allows identification of the sample.

Figure 2.5: cDNA is polyadenylated resulting in a polyA overhang at the 3’ ends. The 5’ ends are then phosphorylated. Illumina produces a
single forked adaptor molecule that binds specifically to the 5’ and 3’ ends of cDNA. This adaptor molecule contains one of two different
read sequencing primers (Read1 SP & Read2 SP), which are needed for paired end sequencing. The adaptor molecule can have one of a
number of index inserts, allowing the later identification of the sample. The p5 and p7 primers are used for both the PCR and bridge
amplification steps in the protocol.
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The aim of the adaptor ligation step is to end up with the DNA of interest, flanked by
adaptor molecules. The adaptors first contain an oligonucleotide primer, either p5 or p7.
These primers contain a conserved sequence of nucleotides, and will later act as primers for
both PCR and bridge amplification steps. After the p5 and p7 primers come the read 1 and
read 2 sequencing primers. These allow the paired end sequencing step to occur, and are a
feature of all illumina kits. Between the two paired end sequencing primers is the DNA of
interest. Finally, an index sequence is added. As RNA‐seq allows the analysis of multiple
samples simultaneously, it is vital to be able to identify samples at the end of the
experiment. The index sequence for each sample is recorded, and allows the samples to be
separated after sequencing has occurred.
Once the adaptor ligation has been completed, the DNA + adaptors are amplified by a small
number of rounds of PCR. The PCR steps are kept to a minimum because multiple rounds of
PCR tend to bias the sample by preferentially amplifying the most abundant DNAs. When
using PCR as a primary mechanism for analysing RNA expression, around 35 cycles is
common. In RNA‐seq library generation only 5‐10 cycles are carried out, depending on the
amount of RNA you begin with. During the PCR steps, sense strands of DNA are selected for.
This is done by using Uracil instead of Thymine while synthesising the second strand of DNA.
During the synthesis of subsequent second strands of DNA, a high‐fidelity DNA polymerase
is used, which preferentially amplifies the DNA strand without the Uracil. This method is the
current method of choice for strand specific DNA amplification, allowing more accurate read
mapping after RNA‐sequencing [291].
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d) Bridge amplification and cluster generation
Once the DNA library was produced, each sample was quickly checked and quantified using
an Agilent 4200 Tapestation. Samples then further analysed by the GSK Target Sciences
team for PCR quality control checks and accurate quantification, to ensure the same amount
of each sample was loaded for sequencing. The assay occurs in lanes on a specially designed
flow cell. The cell has 8 “lanes” and each lane has a carpet of two types of oligonucleotides
bound to a chromide layer on a glass floor.
i)

Hybridising fragment and extend – the p5 adaptors hybridise to
complementary oligonucleotides on the glass floor of the flow cell. These are
then extended using DNA polymerase to make copies of the bound DNA
molecules, extending from the oligo carpet of the flow cell. The original DNA
is removed using sodium hydroxide, and washed away to leave the reverse
strand copies behind.

ii)

Bridge amplification – a drop in temperature causes the p7 adaptor to bind to
the complementary p7 oligo to form a bridge. DNA polymerase then
synthesises a second DNA strand to form a reversed DNA strand. This process
is repeated 35 times in a process called bridge amplification. This results in a
high density localised cluster of identical DNA sequences, with around 5000
DNA molecules per cluster.

iii)

Linearisation – in the cluster there are complementary DNA strands therefore
one must be removed to ensure that all DNA strands in the cluster are
identical. Reverse strands are removed by glycosylase cleavage of a modified
Uracil base at the end of the p7 grafting oligoneucleotide sequence bound to
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the flow cell. The reverse strands are then washed away. The resultant DNA
molecules are therefore identical to the original DNA molecules at the
beginning of the bridge amplification phase.
iv)

Blocking – The ends of the DNA and p7 grafting primers are blocked using di‐
deoxynucleotides to prevent unwanted bridge formation to the primers, or to
other DNA molecules.

v)

Read 1 primer hybridisation – the final step before sequencing is the
attachment of a 20 base pair sequencing primer to the read 1 sequencing
adaptor.

e) Sequencing by synthesis
An Illumina HiSeq2000 sequencer was used for sequencing. During this process, all four
bases are added to the chip containing the clusters generated previously. Each type of base
is conjugated to a different fluorophore. With each round of sequencing, one base pair
binds to the bound DNA, starting at the Read 1 sequencing primer. After one nucleotide has
bound, the rest is washed away, and an excitation source causes the conjugated
fluorophore to fluoresce. A picture is taken, allowing the machine to detect which
nucleotide has bound. The fluorophore is then cleaved and washed away. During this
process a system of 3’ phosphate blocks ensure only one base can be added during each
cycle.
f) Read 2 synthesis and sequencing
The strand made by the synthesis step is stripped off and the 5’ dideoxynucleotide blocks
are removed, allowing the reformation of DNA bridges. The original forward strand of DNA
is then replicated by DNA polymerase and 15 more cycles of bridge amplification is
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undertaken. A different enzyme then cleaves a modified base on the 7’ bound
oligonucleotide sequence, leaving only the reverse strands bound to the chip. This can then
be sequenced as before.
g) Alignment and Data Analysis
Once sequencing was completed, the data was submitted to GSK bioinformatics for
processing. The processing was done using DNA Nexus (California, US), a cloud based data
analysis and management platform for DNA sequence data. Data is processed using a series
of custom built applications (apps), which were made by the GSK informatics team
specifically for the processing of RNA‐seq data. The workflow is outlined below, and each
app is shown:
1) Read 1 and Read 2 data files for each sample were used, along with the data files
containing the adaptor sequences. The adaptor molecules that were added during
the library prep were sequenced along with the DNA of interest, therefore the first
step was to remove the adaptor sequence from each DNA sample.

2) The second step involves quality control checks on the trimmed Read 1 and Read 2
files. Quality control check were custom made. In brief, the total number of
sequences for each sample, the number of missing bases (per base N content) and
the ratio between the base pairs sequenced (%GC) were measured for each sample.
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3)

The trimmed Read 1 and Read 2 files were then mapped to a known murine
reference genome. This enabled the identification of the genes that were
successfully transcribed into RNA. Paired end reads allowed for greater accuracy,
and helped compensate for any quality issues during sequencing. Previously, when
reference genomes were not available, the process of gene mapping was far more
complex, relying on De novo read assembly. The object of which was to find a set of
the longest possible adjoining expressed regions, using the overlaps between reads.
As reference genomes become more readily available this technique is steadily being
replaced.

4) A second quality control step, to analyse the quality of the read mapping step was
then carried out, followed by the quantification of reads. This enables the
identification and quantification RNAs that were transcribed in each sample, thus
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indicating the amount of up or down regulation of each gene. Samples that failed
multiple QC steps were excluded.
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2.6 Assays
2.6.1 Bradford protein assay
BAL protein was measured using the Bradford protein assay. Bovine Serum Albumin
standards were prepared using serial dilution. The kit (BioRad protein assay) used a shift in
the absorption of light, which was proportional to the binding of Coomassie Brilliant Blue G‐
250 dye bound to protein. BAL samples were diluted as required in PBS, and analysed in
duplicate. The BAL samples were plated into a 96 well plate, and dye reagent was added to
each well. The plate was then analysed after 5 minutes using a colourimetric plate reader.

2.6.2 ELISAs
All ELISA kits used were from the R&D Duo‐Set range. BAL fluid levels of TNF and soluble
TNFR1 were measured using conventional sandwich ELISA. 96‐well plates were coated
overnight with capture antibody diluted in PBS. Capture antibody was washed off, and
blocked using 5% BSA in PBS for an hour. After blocking, samples and standards were plated,
and left to bind for two hours at room temperature. These were then washed again, and
biotinylated detection antibodies were added. Streptavidin conjugated Horseradish
peroxidase (HRP) was added after another wash step, and allowed to bind for 20 minutes.
After a final wash step, a 3,3’,5,5’‐Tetramethylbenzidine (TMB) substrate (Sigma Aldritch)
was added for colour development. The colour change was halted when the standards had
developed satisfactorily by the addition of 2N sulphuric acid. The plates were then read at
450nm using a MRX II absorbance colourimetric plate reader.
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2.6.3 Cytometric Bead Array
LEGENDplex assay kits were purchased from BioLegend (San Diego, CA). A mouse 13‐plex
cytometric bead array was carried out on BAL samples from wild type, TNFR1‐/‐ and TNFR2‐
/‐ mice, at 0 and 3 hours post LPS treatment. LEGENDplex kits use the same basic principles
of traditional sandwich immunoassays, where a soluble analyte is captured between two
antibodies. In traditional ELISAs, these antibodies are bound to the bottom of a 96 well
plate, whereas in a bead array, they are bound to beads that have a known size and
fluorescence in the APC channel. This allows multiple targets to be viewed at a time. Once
the analyte has bound to the bead, biotinylated detection antibodies are then added, which
bind specifically to the target analyte.
The samples were then washed, and streptavidin‐phycoerythrin (SA‐PE) was added, which
bind the biotinylated detection antibodies, thus providing a fluorescent signal with
intensities proportionate to the amount of bound analyte. For each bead population the PE
signal intensity is then quantified by flow cytometry. Specific LEGENDplex software is then
used to draw standard curves, and determine the concentration of the target analytes. The
advantage of multiplex assays is that you can analyse multiple samples from a small volume
of starting material, as little as 12.5µl.

2.7 Statistical analysis
Throughout this thesis, all data was assessed for normal distribution. The model assumption
of normality of residuals was assessed by generating a QC plot, and conducting a Shapiro‐
Wilk test using SPSS Version 20 (IBM). If data was not normally distributed, it was
transformed and rechecked. If it was not possible to achieve normal distribution, it was
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analysed using nonparametric tests. Normally distributed data is presented using the mean
values, and showing the standard deviation. Data that could not be normalised is presented
using box and whiskers plots, showing the median values and the range.
Statistical tests performed varied depending on the type of data being analysed, but
included the parametric one‐way anova with multiple comparisons corrections (Sidak’s and
Dunn’s) and two‐way anova when comparing responses between groups. Kruskal‐Wallis
(nonparametric) tests were carried out when data was not normally distributed. Statistical
comparisons used GraphPad Prism version 7. Throughout this thesis a p‐value<0.05 was
considered to be significant.
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Chapter 3: Development of a flow cytometry-based
method for the analysis of cell populations in
uninjured and inflamed lungs
3.1 Introduction
Flow cytometry is a biophysical technology used to identify and count cell populations by
suspending cells in a stream of fluid and passing them through a series of lasers, which pass
information to electronic sensors. Our group has extensive experience in the identification
of populations of cells within the lung [66, 175] using this technique. Cells can be identified
based on their size and granularity. In addition, it is possible to incubate cells with
fluorophore‐conjugated antibodies specific to various surface and cytoplasmic markers.
Fluorophores are excited by specific wavelengths of light, then emit light of a different
wavelength which can be detected by the flow cytometer. Multiple fluorophore‐conjugated
antibodies can be used in each experiment, allowing the identification of multiple cell
populations within a tissue. The flow cytometer used in this thesis is a Cyan ADP Analyser
(Beckman Coulter, High Wycombe, UK). It has two lasers which, combined with internal
filters allows the measurement of fluorescence in seven separate wavelength ranges.
Channel

Fluorophores

FL 1
FL 2

FL 4
FL 5

FITC/AF‐488
PE
PE‐CF594 (PE‐
Texas)
PerCP/PerCP‐
Cy5.5
PE/Cy7

FL 8
FL 9

AF‐647/APC
APC‐eFlour‐780

FL 3
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Excitation Wavelength (nm)
Blue laser (488nm)
494/495
496

Emission Wavelength (nm)

496

612

482/496
496
Red laser (642nm)
650/650
650

520/519
578

678/667
785
668/660
780

Table 3.1: Listed in table 1 are the channels and commonly used fluorophores in this project, with their excitation and
emission wavelengths.

Once cells labelled with fluorophore‐conjugated antibody have been run on a flow
cytometer, the data can be analysed using software such as “Flowjo”, which displays the
cells on graphs according to their fluorescence in different channels. The user must then
manually define cell populations, so they can be analysed further.

3.2 Method development
3.2.1 Generating single cell suspensions from whole lung, and BAL fluid
Flow cytometry requires cells to be passed through the lasers in a single cell suspension. To
achieve this, whole lung was fixed and homogenised simultaneously using a gentleMACS cell
dissociator (Miltenyi Biotec, Surrey, UK). They were then passed through a 40µm cell
strainer. BAL samples were unfixed. This was because fixation of BAL samples would require
the sample to be spun and resuspended at least three times, once to pellet the cells, once to
remove the fixative and once to wash the cells. At times, we were dealing with low numbers
of BAL cells and three washes resulted in cells lost at each stage. Although fixing the cells
would have potentially given us more reliable information on surface marker expression, we
would have compromised the accuracy of cell counting due to repeated washes, therefore I
judged it to be better not to fix the cells. Instead, cold saline was used to perform the BAL,
and BAL fluid was immediately placed onto ice to prevent the enzymatic cleavage of surface
markers or breakdown of intracellular products.

3.2.2 Staining the single cell suspension with fluorophore‐conjugated antibody
Whole lung samples were resuspended in 1ml FACS wash buffer or Perm wash, depending
on whether we were staining for intra or extra cellular markers. 50µl aliquots of cells were
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added to 50µls of antibody cocktail, and incubated in the dark at room temperature for 30
minutes. Unbound antibody was washed away by addition of 4mls of FACS wash buffer to
the sample, followed by centrifugation (450g for 5 minutes at 4°C). Cells were resuspended
in 300µl FACS wash buffer and samples were either immediately run on the flow cytometer,
or placed in the dark at 4°C and run as soon as possible.
BAL samples were centrifuged at 209g and the BAL fluid was aliquoted for later analysis. The
cell pellet was resuspended in 250µl of ice cold FACS wash or perm wash buffer as
appropriate. Cells were divided into 50µl aliquots and stained for flow cytometric analysis as
above.
Various antibody cocktails were used to quantify the expression levels of markers of interest
throughout the project, however, the antibodies used in cell identification in the lung and
BAL remained consistent, and are shown in Tables 3.2 and 3.3.

Antigen

Clone

Fluorophore

F4/80

FITC

CD45

BM8
30‐
F11

PerCP

CD11b

M1/70

PE‐CF594
(Texas)

CD11c
Ly6C
Ly6G
Mannose
Receptor (+/‐)
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N418
HK1.4

APC‐
eFluor®780
PE/Cy7
APC
PE

Concentration
(ng/ml)

Company

1.25

eBioscience

All leukocytes
Neutrophils, monocytes,
DCs, most tissue
macrophages, activated
alveolar macrophages
Alveolar macrophages
++, differentiating
monocytes +
Ly6C high monocytes ++
Neutrophils ++

0.5

BioLegend

0.5

BD Horizon

0.2
0.5
0.5

eBioscience
BioLegend
BD Pharmingen

Alveolar macrophages

0.5

Expression
Macrophages ++, DCs +,
monocytes +

Antigen
Clone
CD45
30‐F11
CD31 (PECAM‐
1)
MEC13.3
EpCAM
(CD326)
9C4
T1α
(Podoplanin)
8.1.1

Fluorophore
PerCP

Expression
All leukocytes

FITC

Endothelial cells

APC

Epithelial cells
Type 1 alveolar epithelial
cells

PE/Cy7

Concentration
(ng/ml)
0.5

Company
BioLegend

1.25

BioLegend

1.25
0.75

BioLegend
BioLegend

Tables 3.2 & 3.3 details the antibodies used to identify leukocyte populations, and table 2.3 details the antibodies used when
looking at lung parenchymal cells.

88 | P a g e

3.2.3 Identification of lung parenchymal cells by flow cytometry
Flow cytometry gating strategy for lung parenchymal cells

Figure 3.1: Showing the gating strategy used to identify endothelial cells, and type one and type 2 epithelial cells

Whole lung single cell suspensions were made, then stained using the antibody cocktail
shown in Table 3.2. CD45 negative cells were selected as CD45 is only expressed on cells of
leukocyte origin [292]. Endothelial cells were then identified based on the expression of
CD31, also known as Platelet Endothelial Cell Adhesion Molecule 1 (PECAM‐1). CD31 is
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found on many cells such as monocytes, neutrophils, some T cells and endothelial cells [293‐
295]. Gating on CD45‐ cells removed the possibility of leukocytes expressing CD31 from
contaminating the endothelial cell population, however, platelets also express some CD31.
Previous validation in our group has shown that the endothelial cells identified in this way
do not express the transmembrane glycoprotein CD41, a marker for platelets [296],
indicating that there was no platelet contamination[297].
Alveolar epithelial cells (AECs) were identified based on the lack of CD45 and CD31, markers
of leukocytes and endothelial cells. The remaining cells were identified based on the cell
surface expression of epithelial cell adhesion molecule (EpCAM/CD326)), and T1α
(podoplanin). Type 1 AECs form a thin layer of squamous epithelium lining the alveoli,
allowing the exchange of gases between the air and the blood. These cells are EpCAM and
T1α positive. Type 2 AECs are cuboidal cells, which are the precursor cells to type 1 AECs.
Type 2 AECs produce and secrete surfactant into the alveolar space, and are EpCAM+ but
T1α negative [298]. There are, however, other cells in the lung that are T1α negative such as
bronchial epithelium, which complicate identification of type 2 AECs. We therefore looked
at type 1 epithelial cells but were not able to closely examine type 2 AECs.
EpCAM is a ~40 kd glycoprotein originally identified as a marker for tumours of epithelial
origin due to its high expression in various carcinomas [299]. Based on the observation that
EpCAM mediates cell‐cell adhesion it was proposed that EpCAM was a cellular adhesion
molecule [300], however, more recently it has been revealed that EpCAM has many more
varied roles including signalling[301, 302], cell migration[303] and differentiation [303, 304].
EpCAM is specific for epithelial cells, making it a useful cell marker for their identification by
flow cytometry[305].
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T1α was first identified at characterised in 1995 by Rishi et al [306]. The first study proposed
that T1α was expressed primarily on type 1 AECs, and later studies confirmed that T1α is
restricted to this population [307]. To date, although it is known that T1α plays a crucial role
in alveolar development at birth[308], the function of T1α in the lung is not known despite
its high expression levels in the most abundant AEC population.

3.2.4 Identification of cell populations in the blood
Blood samples were collected, and heparin added to prevent coagulation. 250µl of whole
blood was taken for flow cytometric analysis. Blood samples were stained with the same
antibody cocktail shown in Table 3.2, using the same technique, where 50µl blood was
added to 50µl double concentrated antibody cocktail. Samples were incubated for 30
minutes in the dark at room temperature.
Antibody was removed by resuspending the sample in 4ml FACS wash buffer or Perm wash,
followed by centrifugation at 200G for 5 minutes. Red blood cells were then lysed, and
samples were fixed using Lyse/Fix buffer (BD biosciences). Samples were resuspended in
300µl FACS wash buffer and analysed on the flow cytometer.
Gating strategy for the analysis of leukocytes in the blood

Figure 3.2: Gating strategy used when analysing haemolysed blood. Cells were identified based on their expression of CD45, CD11b, Ly6C and
Ly6G as shown.
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Cells were first gated on CD45, also known as protein tyrosine phosphatase receptor type C
(PTPRC), a pan‐leukocyte marker originally named leukocyte common antigen (LCA) [292].
CD45 is a co‐stimulatory type 1 transmembrane protein present on all differentiated
haematopoietic cells except erythrocytes and plasma cells [309].
These were then analysed for CD11b expression. CD11b is present on monocytes,
neutrophils and most macrophages, although it is not present on alveolar macrophages
under normal conditions [310].
CD11b+ cells were identified and cells were finally gated on Ly6C and Ly6G. The Ly6 complex
has more than 20 structurally related genes, which tend to be expressed in a lineage specific
fashion, with expression changing throughout cellular differentiation [311]. They are
therefore useful markers for cell identification in flow cytometry.
Ly6G is a glycosylphosphatidylinositol (GPI)‐anchored protein specific to neutrophils with
unknown functionality [312]. We therefore gated on the Ly6G+ group to identify the
neutrophil population.
Similarly, to Ly6G, the function of Ly6C is also not known, however, its expression is
confined to a subset of monocytes, making it a useful marker for cell identification. In the
uninjured lung, Ly6C expression can be used to divide monocytes into two populations,
“Ly6C high” and “Ly6C low”.
As previously discussed, Ly6C high monocytes can be divided further based on their
differentiation. Due to limitations on the number of antibodies we could use in a single
study, it wasn’t possible for us to differentiate the Ly6C high monocyte populations within
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the lung in the LPS model, however, this would be an interesting topic for further
investigation.

3.2.4 Identification of neutrophils and monocytes from a whole lung sample by
flow cytometry
Gating strategy used to identify neutrophils and monocytes in uninjured whole lung tissue

Figure 3.3: Gating strategy to identify neutrophils and monocyte populations in the mouse lung. Lungs were removed from the mice, and
single cell suspensions were generated, as described in section 3.2.1. Cells were stained using the antibodies listed in table 3.2.
Leukocytes were first identified based on their expression of CD45, then the macrophage population was removed by excluding strongly
CD11c and F4/80 coexpressing cells. Cells were then gated on CD11b, and finally on Ly6G and Ly6C. Neutrophils were identified as being
positive for both Ly6C and Ly6G. Ly6C high “inflammatory” monocytes were identified by expression of Ly6C, and the remaining population
was identified as Ly6C low monocytes.
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Many protocols have been developed to identify populations of leukocytes in the murine
lung [310, 313]. The plots shown in Figures 3.3&3.4 were based on animals without long
term inflammation, therefore there are relatively few inflammatory cells present.
Cells were gated on CD45, then macrophages were identified and excluded based on their
expression of F4/80 and CD11c. CD11c and F4/80 negative events were selected because
neutrophils and monocytes do not express these markers [313]. Cells were then gated on
CD11b as we did when analysing the blood, and finally on Ly6C and Ly6G. The populations of
neutrophils, and Ly6C high and low monocytes were identified as before.

3.2.5 Development of a protocol to robustly identify Alveolar Macrophages in
whole lung
Identification of Alveolar Macrophages in healthy whole lung

Figure 3.4: Lungs were removed from the mice, and single cell suspensions were generated, as described in section 3.2.1. This figure
shows the first protocol used to identify AMs used CD45+, F4/80+, CD11c+ and CD11b‐ cells. F4/80 staining was in the FITC channel to
take advantage of the natural autoflurescence of AMs as part of the identification process.

Previous studies in our group have identified alveolar macrophages under various
experimental conditions [66, 177, 314], including early acid induced ARDS, VILI and short‐
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term experiments with LPS injury. The original method of cell identification in the uninjured
lung is detailed in Figure 3.4.
Firstly, cells were first separated based on their expression of CD45, which has previously
been discussed. Macrophages were then identified based on the expression of F4/80, and
CD11c. F4/80 is also known as EMR1 (EGF‐like module‐containing mucin‐like hormone
receptor‐like 1), and it is a member of the adhesion G‐protein coupled receptor family [315].
In the mouse lung F4/80 expression is restricted to macrophages [316] with high expression
on both interstitial and alveolar subsets. The role of F4/80 is unclear, however, genetic
knockout of F4/80 causes defects in the generation of efferent CD8+ T regulatory cells [317].
As a secondary measure to help distinguish AMs from other myeloid cells within the lung,
we used a FITC conjugated F4/80 antibody. AMs are highly autofluorescent cells, especially
in the FITC channel [318], therefore, it was possible to differentiate AMs from other F4/80
expressing cells as they had slightly higher MFI readings.
CD11c is expressed at high levels on AMs, and can be strongly expressed small poplations of
dendritic cells [310]. CD11c is an integrin alpha X chain protein with important roles in cell‐
cell interaction during inflammatory responses, especially monocyte adhesion [319]. CD11c
is expressed at much higher levels on AMs than other macrophage subsets, therefore was a
useful marker in this model [310].
Lastly, AMs were identified by gating on CD11b. Unlike the identification of monocytes and
neutrophils, CD11b low cells were selected. Alveolar macrophages are unusual in that they
do not express CD11b [16], unlike most other macrophages in the body. The CD11b+ cells in
the F4/80, CD11c group are likely to be a subset of dendritic cells [16, 313], however, it was
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not possible to fully characterise all subsets due to restrictions on the number of flow
cytometry channels that could be used simultaneously.
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3.2.6 Re‐evaluation of alveolar macrophage identification after LPS induced
injury
While this identification strategy was very effective for identifying AMs in the uninjured
lung, problems arose when mice had been given LPS. It quickly became clear that LPS
stimulation changed the phenotype of AMs by causing the upregulation of CD11b. This
finding is supported by the literature [161]. We therefore identified CD45+, F4/80+ CD11c+
cells as AMs as before, but demonstrate the shift towards CD11b expression in these cells.
The plots in Figure 3.5 show the AM gating in a mouse, 24 hours after LPS treatment.
Gating of Alveolar Macrophages 24 hours after intranasal LPS

Figure 3.5: Macrophage gating 24 hours after LPS administration. Lungs were removed from the mice, and single cell suspensions were
generated, as described in section 3.2.1. Cells were stained using the antibodies listed in Table 3.2.

As we can see, there is still a population of F4/80+ CD11c+ cells, however, the CD11b
expression within that population has changed dramatically. It was possible that the extra
cells represented influxing monocytes that had upregulated CD11c and F4/80, therefore, the
origin of these cells was carefully studied, and is detailed in 3.2 10‐12.
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Although macrophage identification using the method previously discussed was possible at
the 24‐hour time point, at later stages of LPS induced injury, the clear alveolar macrophage
population was no longer visible due to the differentiation of other cells and subsequent
blurring between groups. The data below are from mice 72 hours after LPS administration
and illustrate the problems faced.
Flow cytometry plots showing a representative lung sample from a mouse, 72 hours after
LPS instillation

Figure 3.6: Lungs were removed from the mice, and single cell suspensions were generated, as described in section 3.2.1.
Cells were stained using the antibodies listed in table 3.2. The gating strategy applied to uninjured mice, and those in the
early stages of LPS induced ARDS is not adequate to distinguish macrophage populations in the later stages of disease.

Figure 3.6 shows the extent of the blurring between cell populations 72 h after LPS
instillation. This meant that a new gating strategy for the accurate identification of AMs in
the lung was required, and a way of distinguishing influxing monocytes and AMs had to be
developed. To do this, we used the fact that Ly6C is not expressed on AMs to exclude
influxing monocytes, before gating on F4/80 and side scatter. Ly6C low cells have been
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shown to be the precursors of AMs, therefore exclusion of Ly6C+ cells removed the
differentiating inflammatory monocytes very effectively [130, 320].
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Final gating strategy to identify Alveolar Macrophages in whole lung samples

Figure 3.7: Lungs were removed from the mice, and single cell suspensions were generated, as described in section 3.2.1. Cells were stained
using the antibodies listed in table 3.2. The final gating strategy for the identification of AMs first involved the positive selection of CD45 cells,
followed by selection of CD11c+ events. CD11c+ cells were then gated on Ly6C, and Ly6C low cells were selected. These were then gated on
F4/80 and side scatter to select for mature AMs instead of Ly6C low monocytes that had upregulated CD11c. AMs were then split into CD11b‐
and CD11b+ populations.

The gating strategy shown in Figure 3.7 identified macrophages based on their expression of
CD45, CD11c, low levels of Ly6C, high levels of F4/80 and high side scatter. As previously
discussed, high F4/80 levels are found on macrophages, but not on DCs, therefore this
gating should exclude DCs.
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Mannose receptor expression in the Alveolar Macrophage population, compared with the
monocyte populations

Figure 3.8: Lungs were removed from the mice, and single cell suspensions were generated, as described in section 3.2.1. Cells were
stained using the antibodies listed in table 3.2. This figure shows the Mannose receptor expression on AMs, Ly6C low mixed monocytes,
and Ly6C high monocytes.

To confirm the origin of these cells we checked for the expression of the mannose receptor,
a carbohydrate‐binding C‐type lectin that is strongly expressed by DCs and macrophages
[321]. Although Mannose receptor has been shown to be upregulated as Ly6C+ monocytes
differentiate into inflammatory DCs [322], it is not found on Ly6C+ monocytes in these
experiments as shown in Figure 3.8. In the Ly6C low, mixed population there are a small
number of MR positive cells, however, the majority of these cells do not express high levels
of CD11c so are gated out. There is good evidence showing that Ly6C low monocytes are the
population of cells from which new alveolar macrophages develop, therefore it is likely that
the MR positive Ly6C low cells represent a population of immature AMs or DCs that are in
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the process of upregulating CD11c and F4/80 [120, 320]. The other possibility is that the MR
expressing cells in the Ly6C low group represent moDCs that have downregulated Ly6C,
however, this too is unlikely as moDCs should have been removed during the gating on
CD11c and F4/80. All experiments were subsequently re‐analysed using this gating strategy,
and all results displayed throughout the study use the first gating strategy for the analysis of
neutrophils and monocytes, and this final gating strategy for the analysis of macrophages.

3.2.7 Confirmation of the origin of CD11b+ AMs
The appearance of CD11b+ AMs in the lung could have two possible explanations. Either
resident AMs altered their phenotype in response to LPS treatment, or a new population of
cells with a CD11b+ phenotype replaced the resident cells. Previous studies have shown that
macrophages in the BAL are capable of upregulating CD11b in response to LPS [161],
however, recoverable BAL macrophages may not be representative of the wider alveolar
macrophage population therefore we decided to investigate whether macrophages in the
lung tissue were capable of upregulating CD11b.
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3.2.8 Number of AMs remains constant for three days after LPS administration

Number of Alveolar Macrophages in the whole lung, and the % of Alveolar Macrophages
that express CD11b

Figure 3.9: Lungs were removed from the mice, and single cell suspensions were generated, as described in section 3.2.1. Cells were stained
using the antibodies listed in table 3.2. i) shows the number of AMs in whole lung suspension over the course of a 96 hour experiment.
Macrophages were identified using the final gating strategy detailed in Figure 3.7. The proportion of AMs expressing CD11b is shown in part
ii).

There was no increase or decrease in the number of AMs between 0 and 24 hours. In fact, it
took until 96 hours after LPS administration for the number of AMs in the lung to
significantly increase. Although the number of AMs in the lung didn’t change, the
percentage of CD11b+ macrophages in the lung increased dramatically, reaching ~70% by 48
hours. The most likely explanation for these findings is that the cell number doesn’t change
but their phenotype does.
To confirm that AMs are capable of upregulating CD11b, a series of experiments using a
permanent cell labelling technique was carried out. PKH‐26 is a highly lipophilic dye that
partition stably but non‐covalently into cell membranes where, due to their similarity to
membrane lipids, they have minimal effect on cell function or immunogenicity [323]. PKH‐
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26 has an in vivo half‐life of more than 100 days, however, if the cells are dividing then
expression will be halved after each division. PKH26 fluoresces strongly in the PE channel,
therefore PE fluorescence readings in subsequent figures represent PKH26 staining.
Mice were given 50µl of 5% PKH‐26 in diluent C (provided by Sigma Aldritch). To ensure that
the diluent didn’t cause inflammation, which would have confounded our experiments, one
mouse was given the diluent alone. The mouse was sacrificed 24 hours after intranasal
administration of the diluent and lungs were analysed for signs of inflammation as
previously described. There was no change in the number of leukocytes, or in CD11b+
alveolar macrophage number, indicating that the diluent did not cause any inflammation.
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3.2.9 Confirmation of successful PKH26 labelling
PKH labelling in uninjured whole lung samples

Figure 3.10: Lungs were removed from the mice, and single cell suspensions were generated, as described in section 3.2.1. Cells were stained using
the antibodies listed in table 3.2. Whole lung samples from wild type mice with no LPS treatment were first gated on PKH+ events. These were then
gated on CD11c, Ly6C and F4/80. 97% of PKH+ events were gated as AMs. The remaining 3% were CD45+, F4/80 intermediate cells, which were likely
to be DCs.

It was important to determine whether the resident alveolar cells were the only cells
labelled as, if other cells contained the dye and lysed during the LPS induced injury,
incoming monocytes may pick up the dye thus appearing to be resident cells. To achieve
this, we took advantage of the extremely long life span of alveolar macrophages [18], and
waited for three weeks after administration of PKH26 before conducting further
interventions. At this time, to check that alveolar macrophages had been successfully
labelled, two mice were sacrificed, and lungs were taken for analysis.
The results in Figure 3.10 showed that the vast majority of PKH+ cells in whole lung samples
from untreated mice, are identified as AMs. In fact, of 5396 PKH+ cells, 5187 cells were AMs
~96%. The remaining cells were CD45+, ruling out the possibility that they were endothelial
or epithelial cells. They also had intermediate levels of F4/80 and no Ly6C. It is therefore
likely that these were DCs, however, this was difficult to confirm because the PKH dye was
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so bright, it caused severe compensation issues in the PE‐Texas channel, therefore only 5
fluorochromes could be used.

3.2.10 PKH staining in the injured mouse
After determining that the only cells containing PKH26 were alveolar macrophages, I moved
on to an LPS challenge model in PKH26 labelled mice. Mice were given PHK26 and left for
three weeks. They were then given 35µl of LPS intranasally. The dose of LPS was slightly
reduced for these experiments as the intention was not to cause severe ARDS, but just to
cause enough inflammation to cause alveolar macrophage activation.
PKH labelling in whole lung samples 24 hours after LPS instillation

Figure 3.11: Lungs were removed from the mice, and single cell suspensions were generated, as described in section 3.2.1.
Cells were stained using the antibodies listed in table 3.2. Whole lung samples from wild type mice after LPS treatment were
first gated on PKH+ events. These were then gated on CD11c, Ly6C and F4/80 as before

PKH labelled mice were sacrificed 24 hours after LPS administration, and the lungs were
removed for analysis. PKH+ cells were selected, then their phenotype was shown to be
almost exclusively that of resident AMs. Importantly, I showed that within the PKH+ resident
AM population, there are CD11b+ events, indicating that these cells can shift their
phenotype by upregulating CD11b in response to LPS stimulation.
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3.2.11 Identification of cells in the BAL fluid
Identification of leukocyte populations in the BAL of untreated control mice

Figure 3.12: BAL was performed as described in chapter 2, and single cell suspensions were generated, as described in section 3.2.1. Cells were
stained using the antibodies listed in table 3.2. Gating BAL cells in uninjured mice. The gating strategy is the same as in whole lung, however, no
moncytes were present in the BAL fluid. Numbers of neutrophils were extremely low (in this example there were 15 cells counted), showing that
there are very few of these cells present in the uninjured animal.

The same gating strategy as was used in whole lung was used for the gating of cells in the
BAL fluid as shown in Figure 3.12. As previously discussed, BAL samples were unfixed
therefore the fluorochrome intensities are slightly different compared with the fixed whole
lung sample. The vast majority of cells present in the BAL of uninjured mice were CD11b‐
macrophages, with only very few CD11b+ events, which were shown to be mainly
neutrophils. Monocyte gates were not included because no monocytes were found in these
BAL samples.

107 | P a g e

Identification of leukocyte populations in the BAL of mice with lung injury

Figure 3.13: BAL was performed as described in chapter 2, and single cell suspensions were generated, as described in section 3.2.1. Cells were stained
using the antibodies listed in table 3.2. The same gating strategy above was applied to BAL from injured animals. Note the massive increase in
neutrophil number, and shift of macrophage phenotype toward being CD11b+ (as previously described).

In the inflamed lung, there is a large influx of neutrophils into the alveolar space, whereas
the number of AMs remains relatively constant. This is consistent with the findings in whole
lung tissue, where AM populations remain stable throughout the course of injury. Immature
monocyte macrophages are found in the lung at later time points after LPS administration
(CD45+ CD11c+ Ly6C+ cells), however, immature Ly6C+ monocytes are not found in the
alveolar space in this model, even after LPS treatment as shown in Figure 3.13. This is likely
to be due to the fact that monocytes must lose their Ly6C expression before they are able to
fully differentiate into mature AMs [130].
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3.2.12 Phenotypic differences in CD11b high and low macrophages
These data suggest that over time two distinct populations of macrophages emerge within
the lung. As the number of alveolar macrophages in the lung does not alter for the first 72
hours after LPS administration, and I have demonstrated that AMs have the ability to alter
their phenotype to express CD11b, I am confident that the CD11b+ AM population
represent resident AMs that have altered their phenotype. To establish whether these two
subsets of macrophages are playing different roles in the induction, maintenance and
resolution of LPS induced lung injury, multiple markers were investigated by flow cytometry.
It quickly became apparent that CD11b+ AMs were responding to the LPS stimulation by
down regulating mannose receptor (MR). MR is a well‐used marker of the alternatively
activated M2 macrophage, and it has a role in the recognition, binding, and transport to the
lysosome of many pathogens expressing terminal mannose residues. It was first isolated in
1987 on human AMs [324]. It is highly expressed by resident alveolar macrophages, and has
been shown to be downregulated by LPS exposure [321, 325].
In addition to downregulating MR, CD11b+ AMs also upregulated M1 macrophage markers
such as ICAM1 and NOS2. These data suggest that a population of AMs respond to LPS
stimulation by polarising to a more pro‐inflammatory M1 phenotype.
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Mannose Receptor, ICAM1 and NOS2 expression on CD11b+ and CD11b‐ Alveolar
Macrophages

Figure 3.14: Lungs were removed and processed as described in chapter 2, and single cell suspensions were generated, as described
in section 3.2.1. Cells were stained using the antibodies listed in table 3.2. Mannose receptor, ICAM‐1 and NOS2 were measured on
CD11b+ and CD11b‐ alveolar macrophages by flow cytometry. T tests were performed on the data from the MR (* P=0.022) and
ICAM1 (****P<0.0001). Mann Whitney analysis of the alveolar NOS2 showed a significant difference between groups **P=0.0079.
Error bars represent the SD.

3.2.13 Limitations of the gating strategy used in this study
In recent years, various studies have been published that comprehensively identify different
subsets of macrophages, DCs and other leukocytes in the lung based on flow cytometric
analysis of surface markers [310, 313], however, these studies have largely been carried out
in healthy animals. These studies used ten different fluorochrome conjugated antibodies,
allowing more markers to be detected simultaneously than was possible in this project. I
weas only able to look for six markers in any one sample, as our flow cytometer only had
seven channels and one had to be kept empty to allow us to look for molecules of interest.
It is famously difficult to reliably identify leukocyte sub‐populations under inflammatory
conditions. When leukocytes are recruited to the lung they differentiate at different times
and along various different paths as previously described by Menezes et al [134]. In the later
stages of LPS injury, it was not possible for us to fully characterise every population of cells
within the lung due to the limited number of flow cytometer channels I was able to use in
each experiment. This restricted our ability to differentiate between DCs, interstitial
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macrophages and AMs under disease conditions, when cell populations are much more
dynamic and gating strategies have to be extremely complex to pull apart multiple sub
populations.
Monocytes in particular were extremely complicated to analyse due to their heterogenous
nature, and due to their ability to function as undifferentiated cells, or differentiate into
inflammatory DCs, alveolar macrophages, and Tip DCs. As I was looking at whole lung tissue
over a four‐day disease course, at later time points the monocyte population contained cells
at all stages of differentiation, making it extremely difficult to identify distinct populations. I
was confident, however, that I successfully isolated the alveolar macrophage population,
even when the lung tissue was highly inflamed.
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Chapter 4: Development and characterisation of an
intranasal LPS model of ARDS
4.0 Introduction
The aim of this chapter is to demonstrate the development of a robust and reproducible
model of ARDS, which replicates the human condition as closely as possible in an animal
model. When choosing an animal model of ARDS, it is important to bear in mind the
limitations of animal modelling for a complex human condition.

Limitations of animal models
4.1.1 Severity
Human patients with ARDS require continuous intensive care support, including lifesaving
mechanical ventilation, to maintain adequate gas exchange during the acute phase of the
disease. It isn’t possible to replicate this level of care for long periods of time in the
laboratory setting, without resorting to prohibitively expensive and ethically complex
primate or large animal studies that require specialist facilities. Intensive care patients are
continuously monitored via arterial and central venous cannulas, allowing doctors to give
fluid resuscitation and drugs to alter the haemodynamics continuously. Since we can’t
ventilate, or maintain invasive monitoring in small animals for long periods of time, it isn’t
possible to induce a disease of the same severity as that we see in human patients.

4.1.2 Complexity
Unfortunately, no single animal model of ARDS can replicate the complex
pathophysiological changes seen in the human condition. This is compounded by the fact
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that ARDS in has multiple aetiologies, and follows different courses in different individuals.
ARDS in man is often multifactorial, and rarely occurs in isolation. Patients are frequently
suffering from other conditions, in particular sepsis, adding additional layers of complexity
to their condition.

4.1.3 Limits of the models themselves
As previously discussed, the pathogenesis of ARDS involves multiple biological pathways
leading to a breakdown of the alveolar capillary barrier, epithelial injury, intense
inflammation, and fibrin deposition. Commonly used animal models do not generally
replicate all of these features, for example, while acid induced ARDS (designed to model
aspiration of gastric contents) does result in significant pulmonary oedema, it does not
cause massive inflammation [326]. By contrast, other models such as intratracheal LPS
cause intense inflammation, but it has been argued that these alone do not cause significant
pulmonary oedema [327]. Systemic inflammation can be initiated using intravenous or
intraperitoneal LPS, however unless repeated doses are given, the influx of inflammatory
cells into the alveolar space is limited, as is the damage to the alveolar capillary barrier
[328].

4.1.4 Differences between animal species
It is important to remember that different species of animal, and different strains or breeds
within a species, can be biologically very different. The ability to translate from mouse
studies to the clinic remains controversial. In 2013 a study was published declaring that
genomic responses to inflammatory stimuli in mice, poorly correlated to human responses
[329], however, the same dataset was used two years later by Takao et al to demonstrate
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the exact opposite finding [330]. These papers highlight the issues associated with the
interpretation of animal data in the context of human diseases. Certainly, there are species
differences in various inflammatory responses, for example, Hajjar et al published a paper in
Nature in 2002 showing that Toll‐Like receptor 4 (TLR4) from humans and mice recognise
different parts of the LPS structure [331]. There are also species differences in TLR2, TLR3,
TLR7, TLR8 and TLR9 – reviewed in Ref [332]. In addition to differences in pattern
recognition receptors, there are substantial differences in the mononuclear phagocyte
system between species. Intravascular macrophages directly face the blood stream where
they can bind to and ingest pathogens or debris. In many species, they exist primarily in the
liver, where they’re called Kupffer cells, and the spleen. In some species, such as sheep,
cattle, pigs, horses, cats, goats and cetaceans there are also pulmonary intravascular
macrophages (PIMs). Species that have PIMs tend to localise debris and LPS to the lung
whereas those that do not, localise debris and LPS to the liver and spleen [333]. It is thought
that PIMs are not part of the mononuclear phagocyte system in man [334], further
highlighting the difficulty of extrapolating results between large animals used in clinical
studies and humans.

4.1.5 Mice as a species to model ARDS
Despite the limitations, smaller animals such as mice have proved a powerful tool in
understanding ARDS. Mice can be inbred to achieve populations in which the individuals are
genetically closely matched, and they can be genetically engineered to lack certain proteins,
or over express others. This enables researchers to model illnesses with far fewer
confounding factors than seen in genetically diverse populations. Genetic engineering in
mice has allowed the study of individual proteins and biological pathways, and greatly
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increased our understanding of the mechanisms of the key physiological and molecular
pathways underlying pathology in human ARDS.

4.1.6 Models of ARDS
There are many published ways of inducing lung injury in mice, which have been
comprehensively reviewed [328]. As previously discussed there is not one “perfect model”
that replicates all of the features of the human disease, however, there are models that are
able to produce some of the key features of ARDS.
This thesis focuses on one of the most well studied models of ARDS, involving instillation of
LPS either directly to the lungs. LPS signals through toll‐like receptor 4 (TLR‐4), found on
cells of the innate immune system, causing them to release multiple pro‐inflammatory
cytokines. TLR4 signalling results in activation of the NFκB, MAPK (leading to AP‐1
activation) and IRF3 pathways, and consequently the production of multiple pro
inflammatory cytokines such as IL‐1, IL‐6, IL‐8, TNF and IL‐12 [335, 336].
This results in parenchymal damage by proteases and reactive oxygen and nitrogen species,
which are produced by activated alveolar macrophages and neutrophils that are recruited
and activated within both the interstitial and alveolar spaces [337]. The end result of these
processes include microvascular injury and widespread alveolar damage with
intrapulmonary haemorrhage, fluid accumulation and the deposition of fibrin [338, 339].
LPS induces an acute inflammatory response therefore it has previously been thought of as
a model of acute lung inflammation rather than acute lung injury. In this chapter I describe
an intranasal model of LPS induced ARDS. I demonstrate that many features of human ARDS
are present in this model, in particular I show a clinically relevant decrease in arterial blood

115 | P a g e

oxygenation over the peak of disease. There are other features of LPS induced ARDS that are
also seen in human ARDS [327], suggesting that this is a clinically relevant disease model.

In this chapter I will also show the differences in dosing strategy that were implemented
when designing the model. Previous work in the laboratory routinely used intratracheal
dosing, however, I was keen to investigate the potential usefulness of a less invasive dosing
strategy. This was partly from a welfare perspective as the recovery period from xylazine
and ketamine anaesthesia could be quite long. By the time the mice recovered, the effects
of the LPS had manifested resulting in the mouse feeling unwell. There was therefore a
reduction in the normal behaviours of eating, drinking and nest making. Although mice were
kept at 37⁰C during recovery, it was found that hours later the mice were becoming
hypothermic once more. A degree of hypothermia was expected after LPS treatment, but
severe hypothermia is detrimental to welfare and could have affected the inflammatory
response, causing variability in results. As future experiments were planned that could
involve repeated intrapulmonary drug administration, it was important to develop a model
that induced the minimum amount of physiological stress as possible.

Intranasal dosing has been well described in the literature and is widely used [336, 340].
Intranasal dosing is extremely fast with the animal anaesthetised for less than five minutes.
The recovery is extremely rapid, within two minutes, and the mice eat and display normal
behaviour within five minutes of recovery. This is beneficial both in terms of welfare and
means that by the time the LPS is exerting its effects, the mouse is better equipped to cope
with the stress as it has eaten and made a warm nest.
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The first aim for my PhD project was to develop a robust model of disease. When
developing this model, it was important to demonstrate that it was highly reproducible,
clinically relevant, and would be practical to use in future experiments.
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4.2 Experimental design
4.2.1 Animals
Male C57BL6 mice obtained from Charles River, Margate, UK were used for experiments.
Males were exclusively used as there are gender differences in the response to LPS induced
ARDS between males and females (34). Mice were used at 8‐12 weeks and weighed
between 21‐32 grams. Mice were kept in individually ventilated cages, maintained at a
constant temperature, with free access to food and water.

4.2.2 Intranasal LPS administration
All protocols were approved by the Ethical Review Board at Imperial College London, and
carried out in accordance with the Animals (Scientific Procedures) Act 1986, UK. Mice were
anaesthetised using 2 % isofluorane in a purpose built chamber. Mice were removed, held
in dorsal recumbency, then 50µg LPS was administered intranasally in two 25 µl doses, using
a sterile pipette tip. Success of dosing was confirmed by the mice demonstrating an altered
breathing pattern, and checking that LPS was not expelled from the nose or mouth. Once
gasping had stoppedanimals were allowed to recover in room air, and monitored until they
were fully awake (2‐5 minutes)

4.2.3 Intratracheal LPS administration
Mice were anaesthetised with intraperitoneal xylazine and ketamine then secured in a
vertical position from the incisors on a custom made mount. A fine catheter was guided
through the larynx and 50µl 1mg/ml LPS was instilled into the trachea. 10ml/kg of saline was
administered subcutaneously to avoid dehydration during recovery. The animal was placed
on an external heat source with a rectal temperature probe until normothermic. The
anaesthesia was then reversed using atepamezole subcutaneously to speed up recovery.
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4.2.4 Instrumentation
Either in untreated animals, or at time points up to 7 days, mice were anaesthetised with
intraperitoneal xylazine and ketamine. They were intubated using an endotracheal tube,
placed via a tracheotomy after a midline incision on the ventral side of the neck. An arterial
line was placed into the left carotid artery so that arterial blood could be obtained for blood
gas analysis, and blood pressure could be monitored throughout ventilation.

4.2.5 Ventilation
Mice were placed on a custom‐built ventilator connected to a PowerLabTM system, and a
recruitment manoeuvre was performed at a pressure of 30cm H2O to reverse any atelectasis
that may have occurred during induction, as described in chapter 2. Mice were then
ventilated at a tidal volume of 9ml/kg for 30 minutes. Mechanics and blood pressure data
was monitored and recorded using LabChart.

4.2.6 Physiological measurements
Animals were instrumented, ventilation parameters were set at 9ml/kg. 5 minutes after
recruitment, respiratory mechanics data was recorded using the end‐inspiratory occlusion
technique as previously described [287]. A blood sample was also taken, and then
ventilation was continued for another 25 minutes, following which respiratory mechanics
data was recorded, another blood sample was taken and animals were terminated.

4.2.7 Flow cytometry
Lung tissue was mechanically disrupted using a GentleMACS tissue dissociator
(MiltenyiBioTec) for 2 minutes in IC fixation buffer (eBioscience). The samples were then
diluted in FACS buffer and passed through a 40µm cell strainer to remove connective tissue.
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The cells were then pelleted and washed once before resuspending in 1ml FACS buffer. Cells
were then stained for 30 minutes in the dark with fluorophore conjugated antibodies. All
cells were analysed using a CyAn ADP flow cytometer (Beckman Coulter) after the addition
of Accucount counting beads (Spherotech USA), and analysed using FlowJo software (Tree
Star).

4.2.8 ELISAs
Conventional sandwich ELISA was carried out according to the manufacturer’s instructions
using paired antibodies to assay the quantity of TNF and sTNFR1 (both R&D systems,
Abingdon UK) in BAL fluid. Capture antibodies were diluted according to the manufacturer’s
instructions in PBS and added to Nunc‐ImmunoMicroWell 96 well plates (Sigma Aldrich) and
incubated over night at room temperature.

4.3 Results
4.3.1 Comparison of intranasal and intratracheal dosing strategies
Mice were dosed with 50µg LPS, either intratracheally or intranasally with LPS as described
in the methods. It was important to establish whether the intranasal dosing regime is as
robust as the more established intratracheal dosing strategy. Initially there was a concern
that intranasal dosing may not be reliable, as LPS may remain in the nose, be swallowed or
be sneezed out. This was minimised by ensuring the correct depth of anaesthesia before
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dosing, dosing swiftly and replacing the animal in the anaesthetic chamber in dorsal
recumbency, to reduce the amount of LPS that was lost from the nostrils.
Comparison of inflammatory parameters between intranasal and intratracheal dosing

Figure 4.1: One group of mice was anaesthetised using Xylazine and Ketamine, then given 50µg LPS intratracheally via a narrow catheter that
was passed through the oropharynx and down the trachea to just above the level of the tracheal bifurcation. The other group were
anaesthetised using 3% isoflurane in an anaesthetic gas chamber. 50µg LPS was then administered intranasally. Both groups of animals were
then allowed to recover. 24 hours later mice were anaesthetised with xylazine and ketamine, then instrumented as previously described. Lung
samples were taken for flow cytometric analysis. Lung neutrophils and inflammatory monocytes were quantified, and two markers of
physiological injury were looked at. N=4‐5 per group, error bars represent the SD.

The results displayed in Figure 4.1 suggest that 24 hours post LPS administration, intranasal
dosing produces an injury that looks the same as that seen after intratracheal dosing. The
degree of barrier permeability, illustrated by the BAL protein and elastance was very similar
between the two groups. In terms of the number of leukocyte recruitment to the lung tissue
twenty‐four hours after dosing, the mean of both the neutrophil number and the number of
inflammatory monocytes is virtually identical. The cell recruitment in the IT dosing group
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looks to be more variable than that seen in the IN group. This may be because the mice
react differently to the first general anaesthetic.
Systemic general anaesthesia with xylazine, an alpha 2 adrenergic receptor agonist, causes
altered homeostatic mechanisms leading to hypothermia, changes in haemodynamics [341],
and blood sugar dysregulation due to its effect on insulin secretion from the pancreas. Many
factors alter the systemic response to general anaesthetic including sex, nutritional status,
body weight and conditions that affect metabolism such as liver or kidney disease. It has
been shown that there are massive differences in the rate of xylazine and ketamine
elimination in rats as they age, probably as a result of altered liver function and higher body
fat percentage [342]. Isoflurane by contrast produces far fewer systemic effects [341]. This
may explain the findings that the intranasal dosing protocol produced less variable results
than intratracheal dosing. This was encouraging as it showed that there was no indication
that the IN‐dosing group were having any issues with swallowing or sneezing out the LPS.
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4.3.2 Effects of LPS administration: Pulmonary physiology
It was important for us to fully characterise the injury produced by the LPS induced ARDS
model. Crucially, I had to examine whether intranasal LPS caused a disease that was
sufficiently similar to ARDS to be clinically relevant. LPS models vary between groups, with
some reporting that there is limited vascular leak, therefore the model is of lung
inflammation rather than lung injury [327]. Others show that direct instillation of LPS to the
lungs does cause vascular leak, in a disease process that shares many of the pathological
features of ARDS [336].
Without determining which parameters change over time, and which the most reliable
indicators of injury are, it would not be possible to judge the effect of TNFR1 inhibition
during later stages. To this end time course experiments were performed, where groups of
mice were weighed and dosed intranasally with LPS on day 0 as described in the methods
section. Mice were weighed daily. At predetermined intervals, two animals were selected at
random to be instrumented and ventilated, at which point blood was taken and animals
were sacrificed. Short term ventilation was carried out so measurements of arterial
oxygenation during ventilation with 100%O2, and respiratory mechanics could be made. An
arterial blood sample was taken and mechanics data was recorded five minutes after
performing a recruitment manoeuvre to establish the baseline physiological injury in the
lung under optimal conditions. Mice were then ventilated at 8mls/kg for 30 minutes and
repeat recordings were made. This enabled us to see the degree of deterioration over a
specified time frame, with the expectation that injured mice would deteriorate faster than
those without pre‐existing injury.
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Whole lung samples were then homogenised and fixed to allow for flow cytometric analysis,
and BAL and plasma were stored for later cytokine analysis.
As the injury seen in the LPS model is predominantly mediated by inflammation, it was
important to establish the pattern and extent of leukocyte recruitment over the course of
the disease.
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4.3.3 Weight loss
% bodyweight lost by mice over the course of LPS induced ARDS

Figure 4.2: Mice were given 50µg LPS intranasally under isoflurane anaesthesia. They were then left to recover in a clean cage
and monitored closely. Mice were weighed daily. n=4‐7 mice per group. One way anova with Dunnett’s multiple comparison
tests were carried out. Error bars represent the standard deviation.

Figure 4.2 shows that over the first 48 hours after LPS administration animals lost ~15% of
their body weight, despite receiving subcutaneous fluids. This is likely to be due to several
factors including metabolic changes caused by systemic cytokine release, and reduction in
food and water intake due to the mice feeling unwell. Studies in the early 90s identified TNF
as the major cause of cachexia after LPS administration, and TNF was previously known as
cachectin due to its ability to cause cachexia at both a cellular and whole animal level [14,
15]. Acute systemic release of TNF causes a net catabolic state via lipolytic hormone release
and prevention of lipogenesis, leading to rapid depletion of energy stores [14, 16]. Other
cytokines such as IL‐1 and IL‐6 have also been implicated in the development of a catabolic
state [15, 17]. All animals were gaining weight by 72 hours, indicating that by this time
point, the mice were reversing the catabolic state, increasing their food and fluid intake, and
generally feeling better.
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4.3.4 Barrier permeability
BAL protein (mg/ml) throughout the time course of LPS induced ARDS

Figure 4.3: Mice were given 50µg LPS intranasally under isoflurane anaesthesia. They were then left to recover in a clean cage
and monitored closely. At specified timepoints mice were anaesthetised with ketamine/xylazine, as previously described.
They were then ventilated at a low stretch for 30 minutes, then sacrificed by exsanguination. BAL was then performed as
described in chapter 2. Error bars represent the standard deviation. n=4‐7 mice per group. Data was analysed using one way
anova, and Dunnett’s multiple comparison tests were carried out. *P<0.05, ***P<0.001, ****P<0.0001.

In this model, Figure 4.3 shows there is a significant increase in lavage fluid protein over the
first three days after LPS instillation, to similar levels as would be found in human ARDS
patients [343]. The increase was highly significant by 48 hours after LPS administration
(P<0.001) and 72 hours (P<0.0001), however by 96 hours the BAL protein was not
significantly different to baseline. This indicates that by 96 hours, the BAL protein was
returning to normal levels. Figure 4.3 shows that results during the acute phase of the
disease show limited variability, whereas results during the resolution process tended to be
more variable.
Other groups have also demonstrated that intra‐alveolar LPS causes increased permeability
in the lung as measured by wet weight [344], and FITC‐Dextran labelling [345], amongst
other parameters. The increased variability at 72 hours (Figure 4.3) may be because
resolution mechanisms are establishing around this time, clearing water from the lung
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therefore concentrating the remaining protein. The possibility that increased fluid transport,
rather than increased permeability could be responsible for the apparent increase in BAL
protein should not be ignored, however it is not supported in the literature, or other results
in this chapter.

127 | P a g e

4.3.5 Arterial Oxygenation 5 and 30 minutes after ventilation
Arterial PaO2:FiO2 of mice after 5 and 30 minutes of ventilation

A

5 minutes post recruitment

B

30 minutes post recruitment

C

Figure 4.4: Mice were given 50µg LPS intranasally under isoflurane anaesthesia. They were then left to recover in a clean cage and monitored
closely. At specified timepoints mice were anaesthetised with ketamine/xylazine, as previously described. They were then ventilated at a low stretch
for 30 minutes, then sacrificed by exsanguination. n=4‐5 mice per group. Part A represents the PaO2/FiO2 5 minutes after a recruitment manoeuvre
was performed, whereas part B shows the PaO2/FiO2 after 30 minutes of ventilation at 8mls/kg. Part C overlays these two graphs for ease of
comparison. Error bars represent the standard deviation. Dunnett’s multiple comparison tests were carried out *P<0.05, **P<0.01 ***P<0.001,
****P<0.0001

Part A of Figure 4.4 shows the arterial oxygenation of mice five minutes after a recruitment
manoeuvre was performed. The aim of the recruitment manoeuvre was to reverse any
anaesthesia induced atelectasis, to give us a baseline arterial oxygen concentration under
optimal conditions. Atelectasis develops very quickly after anaesthetic induction [180], and
can lead to areas of the lung being poorly oxygenated. This can lead to pulmonary shunting
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with the associated hypoxia due to the ventilation/perfusion mismatch [46]. A second
reading was taken 30 minutes after the recruitment manoeuvre was performed, the results
of which are shown in part B. This was to ascertain whether there has been deterioration
over the ventilation period. For ease of viewing, the graphs are overlaid in part C.
Although mice were ventilated using a protective ventilation strategy (8mls/kg with
3cmH2O PEEP), the PaO2 readings of pre‐injured mice were slightly lower at 30 minutes
than at 5 minutes. Uninjured animals had no difference in arterial oxygenation between
baseline and 30 minutes, however, between 72 and 96 hours there was a noticeable decline
in the oxygenation between 5 and 30 minutes. This may indicate that although the lung
function is improving at this time point (as shown by the increase in baseline PaO2/FiO2),
the lungs are more sensitive to additional injurious stimulation, or more susceptible to the
development of atelectasis during ventilation, resulting in a greater deterioration from
baseline. At the other time points during the acute phase of disease (24‐72 hours), there
was a small but consistent decrease in PaO2/FiO2 ratio during the ventilation, indicating
that the lung function did deteriorate slightly over the ventilation period.
The Berlin scale classifies ARDS according to the arterial partial pressure of oxygen. It was
essential for the model to replicate the hypoxia seen in man, as this is the defining clinical
feature of the disease. At the 24h time point, there was only a very slight, non‐statistically
significant drop in arterial oxygenation, however by 48‐72 hours there was a precipitous
drop to well below 300mmHg – the threshold when a human patient ventilated on 100%
oxygen would be meeting the oxygen criteria for mild ARDS. It was extremely encouraging
that I was able to reproduce this symptom, both to justify the use of this model and to
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provide a vital, clinically relevant, marker of injury for us to try and improve with
pharmacological intervention.

4.3.6 Respiratory mechanics
Elastance after 5 and 30 minutes of ventilation

A

5 minutes post recruitment

B

30 minutes post recruitment

C

Figure 4.5: n=4 mice per group Mice were given 50µg LPS intranasally under isoflurane anaesthesia. They were then left to recover
in a clean cage and monitored closely. At specified timepoints mice were anaesthetised with ketamine/xylazine, as previously
described. They were then ventilated at a low stretch for 30 minutes, then sacrificed by exsanguination. Elastance was calculated
from measurements obtained using the end‐expiratory pause technique. Error bars represent the standard deviation. Dunnett’s
multiple comparison tests were carried out *P<0.05, **P<0.01, ***P<0.001. Results are overlaid for ease of interpretation..

In Figure 4.5, I showed the elastance after 5 (A) and 30 (B) minutes of ventilation, in mice at
different time points after LPS dosing. Two time points after the onset of ventilation were
used for the same reasons detailed in the previous section.
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Similarly to the results seen for arterial oxygenation, at 0 and 7 days there was very little
change between 5 and 30 minutes, indicating that there was no worsening of lung function
throughout the ventilation. At other time points, elastance did increase between 5 and 30
minutes, by as much as 58% (calculated at 48h). This suggested that there was pre‐existing
injury which may have been exacerbated by the ventilation or again, a greater susceptibility
to atelectasis.
In both A and B, elastance increases up until 48h. This is likely to be due to the presence of
pulmonary oedema, shown in Figure 4.5 At 72 hours, there is a reproducible, but non‐
statistically significant decrease in elastance, which may indicate that the injury begins to
resolve around this time. The BAL protein data, however, show that there is an increase in
protein from 48 hours to 72 hours. Interestingly, unlike the BAL protein and weight loss data
(Figure 4.2‐4.4), the elastance data presented in Figure 4.5 shows a peak at around 96
hours.
Increased pulmonary elastance is a typical feature of human ARDS. Increased elastance in
ARDS patients is multi‐factorial. Flooding of alveoli with proteinaceous fluid, combined with
loss of surfactant and thickening of the alveolar wall with fibrotic changes, all lead to the
lungs becoming stiffer [346]. It may be that the increase in elastance shown at 96 hours
indicates that one or more of these causes is still present after other parameters have
improved. I know from Figure 4.3 that the BAL protein recovers after 72 hours, along with
the oxygenation (Figure 4.4). This suggests that worsening of surfactant loss, or some
fibrotic changes occurs between 72 and 96 hours. It seems unlikely, although not
impossible, that surfactant production would decline while other parameters are improving.
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The most likely explanation is that there is a degree of scarring during the healing process,
which resolves by day 7.

Inflammation in LPS induced ARDS
The physiology data above clearly show that LPS is inducing injury with some of the features
of human ARDS. Intense inflammation is a key feature of human ARDS, therefore it was
important to demonstrate the presence of inflammation in the intranasal LPS model. In this
section I show the data up to 96 hours as, after this point, the inflammation had resolved.

4.3.7 Neutrophil number
Number of neutrophils in whole lung and BAL fluid

Figure 4.6: Mice were given 50µg LPS intranasally under isoflurane anaesthesia. They were then left to recover in a clean cage and
monitored closely. At specified timepoints mice were anaesthetised with ketamine/xylazine, as previously described. They were then
ventilated at a low stretch for 30 minutes, then sacrificed by exsanguination. The lungs were then removed and passed through a 40 micron
cell strainer to generate a single cell suspension. n=4‐7 mice per group. Kruskal‐Wallis tests were carried out, followed by Dunn’s multiple
comparison tests, with untreated animals (0h) as the control group. Error bars represent range. **P<0.01, ***P<0.001, ****P<0.0001

LPS causes a massive influx of neutrophils into the pulmonary microvasculature, the lung
tissue, and into the alveolar space [347]. In figure 4.6 I show the number of neutrophils
peaked at 48 hours in the lung, while in the BAL peak neutrophil numbers had been reached
by 6 hours after LPS administration. This then remained relatively constant until 48 hours,
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after which number sharply declined. These data suggest that there is intense inflammation
over the first 48 hours post injury, but that after this point the inflammation rapidly
resolves.
This is consistent with the weight loss data shown in Figure 4.2, but does not fully reflect the
BAL protein, oxygenation and elastance data (Figure 4.3‐4.5), which show injury peaking
between 48 and 72 hours. The fact that the pattern of weight loss closely follows the
pattern of inflammation, and that the literature shows that inflammatory cytokines, in
particular TNF, cause a catabolic state, suggests that inflammation may be causing the
weight loss in this model. The fact that the other physiological parameters take longer to
resolve may be because the clearance of neutrophils is the initial event in the resolution
process, but other inflammatory processes take longer to resolve. There may also be a
disconnect between the inflammatory changes and the physiological injury.
It is interesting that the neutrophil number in the BAL remains constant from 6‐48h,
whereas neutrophil number in the lung steadily increases until 48h. This may indicate that
neutrophils in the alveolar space are cleared more rapidly than those in the interstitium,
either by apoptosis, phagocytosis by alveolar macrophages, or necroptosis. It is known that
neutrophils in ARDS have delayed apoptosis [107, 121], which contributes to their
accumulation in the lung, however this does not explain the difference seen between the
whole lung and the BAL samples.
I speculate that the difference may be due to the BAL process itself. In the very early stages
of LPS induced ARDS, there is minimal debris in the lung, and minimal barrier leak, therefore
very little pulmonary oedema (Figure 4.3). This allows the saline instilled during the BAL
process to fill the alveoli, and easily reach the neutrophils that are present. At later stages
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the lung contains more fibrin [348], is more oedematous (Figure 4.3), and has areas of
consolidation that are visible with the naked eye. These may result in neutrophils in the
alveolar space becoming harder to reach and remove during the BAL process.

4.3.8 Lung Ly6C high monocyte number
Number of Ly6C+ monocytes in the lung

Figure 3.7: n=4‐7 mice per group. Mice were given 50µg LPS intranasally under isoflurane anaesthesia. They were then left to recover in a
clean cage and monitored closely. At specified timepoints mice were anaesthetised with ketamine/xylazine, as previously described. They
were then ventilated at a low stretch for 30 minutes, then sacrificed by exsanguination. The lungs were then removed and passed through
a 40 micron cell strainer to generate a single cell suspension. Error bars represent the range. Kruskal‐Wallis tests with Dunn’s multiple
comparison tests were carried out *P<0.05, ***P<0.001, ****P<0.0001

As can be seen in Figure 4.7, Ly6C high monocytes entered the lung more slowly than
neutrophils, however, numbers were significantly elevated by 24 hours. There was a large
increase in Ly6C monocyte number between 24 and 48 hours, similar to that seen with
neutrophil numbers in Figure 4.6. Unlike neutrophils, where numbers sharply fall at 72
hours, Ly6C+ monocyte numbers increase slightly between 48 and 72 hours. There is,
however, a precipitous drop in Ly6C+ monocyte number by 96 hours. In the flow cytometry
section of the materials and methods section (page 66) I showed that in the BAL fluid,
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immature Ly6C+ monocytes are not found, therefore no results from these cells are
presented.
The mechanisms underlying this rapid drop in inflammatory monocyte number are unclear,
however, there are various possible explanations. Inflammatory monocytes can
downregulate Ly6C and eventually differentiate into cells that closely resemble alveolar
macrophages [120], however, it is still unclear whether these cells become true AMs or
whether they remain as recruited macrophages that will die as the injury resolves [161].
Those Ly6C+ monocytes that do not differentiate probably undergo apoptosis, as it has been
shown that generally Ly6C+ monocytes have a short lifespan [349]. It is also likely that while
some monocytes undergo apoptosis, others may traffic to the lymph nodes without
differentiating [349, 350].
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4.3.9 Alveolar macrophages
Number of Alveolar Macrophages in the Lung and the BAL

Lung

BAL

Figure 4.8: n=3‐7 mice per group. Mice were given 50µg LPS intranasally under isoflurane anaesthesia. They were then left to recover in a clean
cage and monitored closely. At specified timepoints mice were anaesthetised with ketamine/xylazine, as previously described. They were then
ventilated at a low stretch for 30 minutes, then sacrificed by exsanguination. The lungs were then removed and passed through a 40 micron cell
strainer to generate a single cell suspension. Error bars represent the mean and standard deviation. Dunnett’s multiple comparison tests were
carried out *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Alveolar macrophage numbers remain very constant throughout the first 48 hours after LPS
(Figure 4.8), and only begin to rise after 72 hours. Lavage macrophage numbers also didn’t
significantly change throughout the experiment, although they were variable, possibly due
to previously discussed issues with sampling inflamed lungs. The increase in macrophages
seen at the last time point coincides with the sudden reduction in inflammatory monocytes
seen in Figure 4.7, possibly indicating that some Ly6C high monocytes upregulate CD11c and
F4/80, and downregulate Ly6C to become replacement AMs. It is known that Ly6C high
monocytes are able to downregulate Ly6C, and this is thought to be an essential step in
their differentiation into a mature phenotype [120]. This may partially explain the drop seen
in Ly6C high monocyte number around this time, shown in Figure 4.7. It is also known that
as monocytes differentiate they upregulate CD11c, and move slowly towards inflamed
airways, however this process takes a number of days [161, 351].. The literature does,
however, suggest that these new macrophages are short lived and will die via Fas mediated
apoptosis [161].
Although the number of AMs doesn’t change over the first 72 hours after LPS
administration, the phenotype of the resident AMs clearly does (Figure 4.8). It was
previously thought that these CD11b high CD11c+ F4/80+ cells in the lung and BAL
represented infiltrating monocytes that may become alveolar macrophages at later stages
of differentiation [352]. A comprehensive study by Jannsen et al [161], however, showed
that in the BAL, CD11b‐ alveolar macrophages upregulate CD11b in response to LPS in vivo,
and subsequently downregulate this marker at a later stage in the course of disease. They
also suggest that recruited macrophages are short lived, and can be distinguished due to
their expression of low levels of CD11c for the first few days after LPS administration, and
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high levels of Fas, compared to minimal expression by resident alveolar cells. I tried to
repeat this data, however I could not pick up a Fas signal using using flow cytometry.
It is yet to be established whether CD11b+ and CD11b‐ macrophages play different roles in
the initiation and resolution of disease, however, a subset of pro‐resolving CD11b‐
macrophages were identified in a murine peritonitis model [353]. This study also found that
CD11b hi macrophages were able to down‐regulate CD11b after efferocytosis of apoptotic
cells, suggesting that alveolar macrophages are able to switch their phenotype, and this may
be part of the resolution process.
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4.3.10 BAL TNF
During this project I investigated the impact of TNFR1 and TNFR2 signalling on ARDS,
therefore it was important for us to understand the pattern of TNF release, and TNF
receptor expression in the model I was working with.
Levels of TNF in BAL fluid

Figure 4.9: Mice were given 50µg LPS intranasally under isoflurane anaesthesia. They were then left to recover in a clean cage and
monitored closely. At specified timepoints mice were anaesthetised with ketamine/xylazine, as previously described. They were
then ventilated at a low stretch for 30 minutes, then sacrificed by exsanguination. BAL was then performed as described in the
materials and methods section. Conventional sandwich ELISA was carried out to look for TNF in BAL samples over the time course.
Kruskal‐Wallis tests with Dunn’s multiple comparisons were carried out, *P<0.05 error bars represent the range. N=2‐4 per group.

In Figure 4.9 I show a rapid significant increase in BAL TNF within three hours of LPS
administration. This significance is maintained until 24 hours, and there still appears to be
an increase, all be it small and not significant, in BAL TNF at 48 hours. BAL TNF concentration
is extremely high at 3 hours in LPS treated mice, with levels up to ten fold higher than those
seen in previously published acid and VILI models fom our group, which have previously
shown importance of TNFR1 signalling in lung injury [66, 175]. These data show that TNF
release is sustained over the first 24 hours after LPS stimulation, suggesting that TNF is an
important cytokine in this model, and therefore a potential therapeutic target.

139 | P a g e

4.3.11 Investigation of TNFR1 expression and cleavage
Levels of sTNFR1 in BAL fluid

Figure 4.10: Mice were given 50µg LPS intranasally under isoflurane anaesthesia. They were then left to recover in a clean cage and
monitored closely. At specified timepoints mice were anaesthetised with ketamine/xylazine, as previously described. They were then
ventilated at a low stretch for 30 minutes, then sacrificed by exsanguination. BAL was then performed as described in the materials and
methods section. A conventional sandwich ELISA was performed to determine the concentration of soluble TNFR1 in the BAL fluid of mice
throughout the LPS time course. Results were analysed using one way anova with Tukey’s multiple comparisons tests.

TNFR1 is rapidly cleaved from the surface of cells by TACE during inflammation, as part of a
mechanisms that acts to limit TNF induced inflammation by reducing TNF signalling, and
“mopping up” excess TNF in the extra‐cellular space [354, 355]. As this project focussed on
TNF signalling, it was important for us to investigate TNF receptor expression and shedding
over the course of the model.
Figure 4.10 shows a significant increase in BAL soluble TNFR1 , which remains significantly
increased for 72 hours, and that has a strong trend towards being increased at 96h
(P<0.111). The fact that sTNFR1 levels do not significantly decrease from 24h to 72h either
shows that TNFR1 is being expressed and then cleaved from cell surfaces continuously, or
that sTNFR1 persists in the BAL fluid for a prolonged period of time. The halflife of sTNFR1 in
BAL fluid is not known, therefore it is hard to say which of these is correct. To see whether
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TNFR1 cleavage occurred equally across different cell types, I assessed their membrane
bound TNF levels by flow cytometry.

TNF receptor expression on immune cells within the lung
4.3.12 TNFR1 expression
TNFR1 expression on leukocytes in the lung

Figure 4.11: Mice were given 50µg LPS intranasally under isoflurane anaesthesia. They were then left to recover in a clean cage and
monitored closely. At specified timepoints mice were anaesthetised with ketamine/xylazine, as previously described. They were then
ventilated at a low stretch for 30 minutes, then sacrificed by exsanguination. The lungs were then removed and passed through a 40
micron cell strainer to generate a single cell suspension. TNF receptor 1 expression on inflammatory cells was measured by flow
cytometry. Error bars represent the SD, n=4‐7 per group. Kirksal‐Wallis tests with Dunn’s multiple comparison were carried out on the
neutrophil and Ly6C+ monocyte populations *P<0.05, ** P<0.01, ***P<0.001.

Figure 4.10 & Figure 4.11 show that, in the current model, TNFR1 is rapidly shed from the
membranes of neutrophils and inflammatory monocytes, and is then not detectable on the
cell surface for at least 96 hours after LPS administration. It may be that TNFR1 is initially
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cleaved then very slowly replenished on neutrophils and monocytes, or TNFR1 is continually
cleaved throughout the time course.
By contrast, TNFR1 is lost over the first six hours after LPS administration from AMs, but by
24 hours it is again detectable on both CD11b+ and CD11b‐ populations. This either shows
that TNFR1 is not cleaved from alveolar macrophages at the later time points, or indicates
that TNFR1 is replenished faster than it can be cleaved on AMs. This is an interesting
phenomenon as AMs are the only cell type analysed where TNFR1 levels increase in the
acute phase of disease. The fact that soluble TNFR1 levels stay high seems suggestive that
cells do continually replenish their membrane bound TNFR1, which may signal then be
cleaved by TACE. Without information on the BAL half‐life of TNFR1, this cannot be
confirmed.
I did look for TNF receptor expression on AECs, however, this has proved extremely difficult.
Previous publications from our group has demonstrated the importance of TNF signalling on
AECs [66], however, despite a year of searching, a previous PhD student couldn’t detect
TNFR1 on these cells [356]. It was therefore decided to focus on inflammatory cell types
with clear TNFR1 expression, although I acknowledge that AECs are also likely to be
important in LPS induced ARDS.
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4.3.13 TNFR2 expression

Figure 4.12: Mice were given 50µg LPS intranasally under isoflurane anaesthesia. They were then left to recover in a
clean cage and monitored closely. At specified timepoints mice were anaesthetised with ketamine/xylazine, as previously
described. They were then ventilated at a low stretch for 30 minutes, then sacrificed by exsanguination. The lungs were
then removed and passed through a 40 micron cell strainer to generate a single cell suspension. TNF receptor 2
expression on inflammatory cells was measured by flow cytometry. Error bars represent the SD, n=4‐7 per group. Kruksal‐
Wallis tests with Dunn’s multiple comparison were carried out on the neutrophil and inflammatory monocyte populations
** P<0.01, and a one way anova with Holm‐Sidak’s multiple comparisons test was carried out on the AM populations
*p<0.05, **P<0.01, **** P<0.0001

TNFR2 is generally expressed at much higher levels than TNFR1 in Ly6C+ monocytes and in
AMs. Neutrophils by contrast have very low levels of TNFR2 in the uninjured lung. In
neutrophils there was a significant increase in TNFR2 in the later stages of disease, as shown
in Figure 4.12, however the absolute levels of TNFR2 were still low.
By contrast, in Ly6C+ monocytes, there was a non‐statistically significant dip in TNFR2
expression over the first 24 hours. The expression then tended to increase and remain
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slightly above baseline levels for the rest of the disease course, however there was a lot of
variability of expression. AMs tended to have different patterns of TNFR2 expression,
depending on whether they were CD11b+ or CD11b‐. The gating strategy for these cells is
described in detail in the methods section.
Figure 4.12 shows that after 24h, TNFR2 is expressed more highly on CD11b high AMs than
on CD11b low AMs, suggesting that TNFR2 is upregulated alongside other inflammatory and
adhesion markers under inflammatory conditions in the lung. The fact that the TNFR2 MFI is
higher on the slightly smaller CD11b+ AMs could indicate that the receptor is more highly
concentrated on the cell surface in these cells than in the CD11b‐ AMs.
TNFR2 can also be cleaved in the same way as TNFR1, and soluble receptors can act to “mop
up” TNF in the extracellular space. The high levels of TNFR2 on monocytes and macrophages
demonstrates either that TNFR2 is not cleaved as readily as TNFR1, or that TNFR2 is
replenished at a very fast rate. It may also indicate that TNFR2 is more stably expressed than
TNFR1, and is lost from the cell surface during processing less readily.

Weight loss, monocyte number, neutrophil number, BAL protein and arterial oxygen deficit
all peak between 48 and 72 hours, indicating that disease peaks around this time, then
begins to resolve. The expression of TNFR2 neutrophils and inflammatory monocytes also
seems to peak during this switch from inflammation to resolution and its expression
remains high in monocytes and macrophages throughout the resolution process. These data
may indicate a role for TNFR2 signalling in a self‐regulatory feedback loop, driving
inflammatory cells towards a less pathogenic state. The role of TNFR2 in LPS induced ARDS
will be discussed in detail at a later stage.
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4.4 Discussion
The aim of these initial experiments was to assess the suitability of the LPS model as an
appropriate simulation of human ARDS. Firstly, it was important to define the injury caused
by intranasal LPS administration. It is beyond the scope of this project to look for all the
causational relationships underpinning the initiation, maintenance, and resolution of ARDS
in mice. Instead the aim was to examine the LPS induced ARDS model and assess its
suitability for use in the rest of the project.
Human ARDS
The ideal model of human ARDS would closely replicate as many key features of the human
condition as possible within the limitations of working with animals. In man, ARDS generally
progresses through three overlapping phases: exudative, fibroproliferative and fibrotic.
These phases have key features including:
1) Loss of the alveolar‐capillary barrier
In LPS induced ARDS, pro‐inflammatory cytokines are released and bind to their endothelial
targets, activating signalling cascades that result in cytoskeletal contraction and the
subsequent creation of inter‐endothelial gaps [70, 71]. This, facilitates the migration of
leukocytes through the capillary endothelium. In addition to cytoskeletal rearrangement,
inflammatory cytokines such as TNF, promote disruption of tight endothelial cell junctions
by causing the phosphorylation of junction proteins such as vascular endothelial cadherin
and β‐Catenin [72]. The combination of reduced ability to clear fluid by dysfunctional and
damaged AECs, and increased vascular permeability due to the breakdown of tight junctions
results in alveolar capillary barrier compromise, demonstrated in Figure 4.3.
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Finally, apoptosis or necrosis of AECs or vascular endothelial cells also contributes to the loss
of the alveolar capillary barrier in ARDS patients. LPS causes apoptosis of both type I and
type II AECs in vitro [357, 358], and in vivo [359].
In Figure 4.3 I show increased BAL protein in the LPS treated animals, peaking at a clinically
relevant level between 48 and 72 hours after administration[343]. From these data is it
unclear which of the above mechanisms predominates in this model, however, since we
know LPS can trigger all of the described mechanisms, it is likely that a combination of the
three results in the pathology observed.
2) Intense inflammation
Histological studies have demonstrated that, in addition to proteinaceous oedema fluid,
there is an intense inflammatory response in the lungs of patients with established ARDS
[40, 360]. As ARDS is such a severe condition, it is very difficult to obtain in vivo biopsy
samples from human patients. As a result, reliable studies examining the lung parenchyma
of ARDS patients are few and far between. In the late 1970s and early 1980s Bachofen et al
examined the ultra‐structure of the lung in patients dying of ARDS secondary to sepsis,
showing increased numbers of intravascular and extravascular neutrophils, platelets and
fibrin [60, 61].
Since this time multiple studies have been carried out in animal models, revealing the
importance of inflammation and inflammatory mediators in the initiation, progression and
resolution of disease [159]. The identification and analysis of the multitude of inflammatory
cells present in the lung, and of various inflammatory mediators, has provided multiple
potential targets for therapeutic intervention. Unfortunately to date there is still no
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effective treatment, despite many attempts to limit inflammation. In the LPS model, I
demonstrate an intense neutrophilia in both the whole lung and BAL fluid.
In this chapter, I have looked at the pattern of accumulation of various inflammatory cells
including neutrophils, monocytes and macrophages in both the whole lung and BAL fluid of
mice over a four‐day intranasal LPS injury course.
Neutrophil recruitment is a hallmark of ARDS pathology. The number of neutrophils in the
BAL of patients with ARDS has been shown to correlate with the severity of the disease, and
with poor outcome [108, 109]. It has been shown that the neutrophils from ARDS patients
compromise the integrity of endothelial monolayers in culture, suggesting that neutrophil
recruitment can cause barrier dysfunction [104]. Neutrophil extravasation to the lung
requires binding to integrins on pulmonary capillaries followed by cytoskeletal
rearrangement, allowing these cells to pass through tight endothelial and epithelial
junctions [104]. The role of proteinases, specifically neutrophil elastase, has remained
controversial. While high levels of neutrophil elastase in the BAL have been associated with
increased disease severity and poor outcome, more recent studies have shown that mice
genetically lacking neutrophil elastase have increased severity of VILI compared with wild
type controls [361]. This may be related to the ability of neutrophil elastase to cleave
ICAM1, which is necessary for neutrophil egress to the alveolar space. Without this process,
neutrophils may become trapped in the alveolar capillary barrier, causing localised injury
[361]. These data suggest that, although in many animal models reduced neutrophil influx is
considered beneficial, the whole picture may be more complex [328].
While neutrophil numbers peaked in the whole lung at 48 hours, in this model influx of Ly6C
high monocytes occurs far more slowly than the influx of neutrophils, and reaches peak
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levels at 72 hours rather than 48. This may be because inflammatory monocytes are more
long lived than neutrophils, therefore they accumulate in the lung while they can
differentiate into mature macrophages and dendritic cells [130, 134, 140]. In non‐
inflammatory conditions, neutrophils have a short lifespan of just a few hours in circulation,
whereas monocytes have a lifespan of around a day [108, 121, 349]. Neutrophil apoptosis
has been shown to be delayed in ARDS, and various pro‐inflammatory cytokines known to
be present in ARDS have been shown to have similar effects in monocytes [107, 362, 363]. It
is therefore likely that both sets of cells have prolonged lifespans in the lung parenchyma,
leading to their accumulation in the tissue.
At 72h, the dramatic fall in neutrophil number correlates with the rapid increase in weight
of mice, indicating that the point at which inflammation begins to resolve is the point when
mice begin to feel better and resolve the catabolic state that was present during the first 48
hours after LPS administration.
Although inflammation and weight loss are improving, 72 is also the time point where
PaO2/Fi02 is lowest (Figure 4.4), and there is the highest level of BAL protein (Figure 4.3).
There is however some variability at this time point between different animals in terms of
the barrier permeability, inflammatory monocyte number and respiratory mechanics after
ventilation. This variability may indicate that while some animals are still at the peak of
injury, others have entered the resolution phase and are recovering.
Under non‐inflammatory conditions Ly6C high monocytes differentiate into Ly6C low
monocytes in the blood, where they patrol the luminal side of the endothelium of small
blood vessels [123]. Ly6C high monocytes are also known as inflammatory monocytes, as
they are preferentially recruited to inflamed tissues via chemokine receptor 2 (CCR2), where
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they are highly anti‐microbial due to their ability to secrete ROS, TNF, nitric oxide, IFNγ and
their phagocytic ability [122]. Inflammatory monocytes have been shown to have an
important role in the initiation and maintenance of pulmonary inflammation [119, 125,
364]. It is, however, important to recognise that this is a very pleomorphic population of
cells with diverse roles in ARDS. While there is little doubt that in the initial stages of disease
inflammatory monocytes are pro‐inflammatory, and contribute to tissue damage cause by
inflammation, they are also essential for the resolution of injury, and have anti‐
inflammatory properties [103, 116, 365]. The increase in Ly6C high monocyte numbers
between 48 and 72 hours may, therefore, may not indicate persistent inflammation, as the
monocytes may be exhibiting pro‐resolution properties at this stage. Further study would be
needed to clarify this.
The literature shows that alveolar macrophages are extremely long lived, and persist
throughout the course of infections [161]. Indeed, more recent studies show that in various
tissues, including the lung, tissue macrophages are derived from yolk sac macrophages or
foetal liver monocytes, and are present shortly after birth and persist via a process of very
slow self‐renewal throughout life [17]. In this model, our gating strategy shows a steady
population of AMs throughout the disease process, with a slight increase at the later stages.
These may represent monocytes that have lost Ly6C and upregulated CD11c, or they may
represent proliferation of the resident alveolar macrophage population, which has been
seen in a model of HDM‐driven allergic asthma [115]. Janssen et al showed that in a similar
LPS model, influxing cells were present in the BAL, however, these were short lived and
underwent apoptosis leaving the resident population relatively unchanged [161]. It is likely
that I would have similar findings if the model included later time points, which may be a
topic for future study. The fact that TNFR1 is most highly expressed on AMs throughout the
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LPS induced ARDS disease course, suggests that these cells may be involved in any actions of
TNF signalling that I uncover in later chapters, although it must be restated that I was unable
to determine TNFR expression on epithelial cells within the lung.
I also showed that AMs respond to LPS stimulation by upregulating the adhesion molecule
CD11b, also known as complement receptor 3. Kirby et al have demonstrated the same
upregulation of CD11b in AMs in a pneumococcal challenge, and show that CD11b
upregulation is promoted by high levels of GM‐CSF [366]. The functional consequences of
this phenomena are not clear, however, I have previously shown that CD11b+ and CD11b‐
AMs express very different levels of the M1 markers ICAM1 and NOS2 (Figure 3.13), and the
M2 predominant mannose receptor. These findings suggest that the upregulation of CD11b
may indicate the activation and subsequent polarisation of a proportion AMs to a “primed”,
more pro‐inflammatory state during periods of infection (summarised in figure 4.13).
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Theoretical polarisation of Alveolar Macrophages towards a more pro‐inflammatory
phenotype by LPS stimulation, followed by TNF autocrine signalling

Figure 4.13: In Chapter 2 I demonstrated that it was possible for alveolar macrophages to upregulate CD11b, and showed that these
CD11b+. Cells also upregulated M1 markers such as ICAM1 and NOS2. LPS binds to TLR4 on the surface of AMs, resulting in the
activation of transcription pathways resulting in the release of multiple pro‐inflammatory cytokines. I postulate that TNF release after
LPS activation, acts on TNF receptors on alveolar macrophages in an autocrine signalling loop, resulting in further polarisation towards
a more pro‐inflammatory phenotype.

The data shown in figure 4.11 show that the only cell type expressing TNFR1 by 24 h after
LPS treatment are the AMs. This suggests that AMs are likely to be the most sensitive cells
to endogenously produced TNF. Figure 4.13 shows the alveolus of a healthy, and LPS
injured mouse, with the TNFR expression on different cell types.
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Expression of TNFRs in the uninjured and injured alveolus

Figure 4.14: I showed in figure 4.11 that, in the healthy alveolus, neutrophils, monocytes, and AMs express both TNFR1 and
TNFR2. I haven’t shown TNFR1 expression on AECs, however, previous work in our laboratory has shown that AECs respond
to TNF. After LPS administration, AMs release high levels of TNF and other inflammatory cytokines into the alveolar space.
TNFRs are cleaved by TACE, resulting in high levels of soluble TNFR1 (as shown in Figure 4.10). After 24 h, TNFR1 is only
expressed on the surface of AMs.

3) Healing with fibrosis
In a proportion of patients, resolution of ARDS is followed by fibroblast infiltration and
subsequent fibrosis [94]. This can permanently reduce lung function [147]. In human ARDS,
fibrotic changes have been shown to occur early in the disease course, with one study
finding evidence of fibrosis in 53% of ventilated patients [148]. These patients have
increased mortality, with a study by Martin et al showing that 57% of patients with fibrosis
died, while patients without evidence of fibrosis all survived [149]. In man, the majority of
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patients resolve lung injury and recover with normal to near normal pulmonary function
[42].
In mice, fibrosis has been shown in various LPS models, however these models usually
involved other injurious factors that delay the healing process, including corn oil preloading
[367], or bone marrow irradiation prior to LPS administration [368]. A study by Liu et al,
however, demonstrated that a single high dose of intratracheal LPS did induce fibrosis
lasting for 28 days, and that this process could be inhibited by VEGF blockade [369].
Our intranasal model differed from the model by Liu et al, as the dose of LPS they used was
higher and was administered intratracheally rather than intranasally. I also used a different
LPS preparation, which may have also had an effect. In our model, the increase in elastance
at 96 hours is not explained by an increase in pulmonary oedema. It is likely therefore, that
either surfactant production takes a few days to recover, or there a degree of fibrosis in this
model, which resolves by 7 days.

4.5 Conclusions
Although there is no perfect animal model of human ARDS, the model presented in this
chapter does share some of the important clinical features of the human condition. There
was a clinically relevant decrease in PaO2/FiO2 by 48 hours after LPS administration. This
demonstrates that this LPS model is indeed a model of lung injury, rather than one confined
to purely inflammation. Other physiological parameters including BAL protein and lung
elastance demonstrated that barrier permeability and subsequent pulmonary oedema, both
key features of the human condition, were evident in this model.
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There was intense inflammation in the LPS model, which is almost always present in human
ARDS. The inflammation resolved over the first 96 hours after injury, whereas physiological
parameters returned to normal by 7 days. The disease was less severe than that seen in
man, due to constraints of using small rodents that can’t be supported with ventilation for
long periods of time.
It was decided that the model that I developed was sufficiently clinically relevant, robust
and reproducible to give meaningful results in later experiments where I investigated the
effect of TNFR1 blockade in murine ARDS.
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Chapter 5: Investigation of genetic TNFR1 and
TNFR2 knockout in the LPS model
5.1 Introduction
Knockout animals have radically transformed the way we study pathways and gene effects;
however, it is important to bear in mind that the differences seen between knockout and
wild type animals may be attributable to tightly linked loci immediately flanking the altered
gene, or may be because of genetic material from another strain present throughout the
genome. While I acknowledge the limitations of knockout models, they are still a powerful
tool to help identify both positive and negative effects of blocking receptors
pharmacologically, and help us to spot opportunities for therapeutic interventions.
Previous work has shown that genetic knockout of TNFR1 is beneficial in both acid induced
lung injury and VILI [264, 265]. TNFR1 is ubiquitously expressed, and its signalling events
have been discussed in detail in the introduction. The protection afforded by TNFR1
knockout in acid induced ARDS has been shown to be at least partially due to decreased
caspase 8 activity in AECs [66], however, data recently presented showed that caspase 8
activation in these cell types is not a feature of LPS induced ARDS [370]. This highlights the
difference between these models, and demonstrates why looking at the role of TNF
receptors in different models is so important.
As TNF is a potent inflammatory cytokine that exerts strong pro‐inflammatory signalling
through TNFR1, I expected to see a reduction in inflammation in TNFR1‐/‐ animals. As the
LPS model is driven by inflammation, it was hypothesised that reduction of inflammation
would lead to improvement in physiological parameters.
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Previously we have shown that loss of TNFR2 results in an exacerbation of physiological
symptoms of ARDS in the acid and VILI models [66, 264]. TNFR2 is mainly confined to cells of
the immune system, where it is strongly expressed (Figure 4.12). Certain other specific
subsets such as endothelial cells and some neuron subtypes also express TNFR2 [371, 372].
The physiological effects of TNFR2 signalling are poorly understood, however, it is likely to
play a role in the inflammatory response as it is predominantly to be found on immune cells.
LPS induced ARDS is a very different kind of model to acid or VILI because the inflammatory
response is the primary cause of injury, rather than being secondary to a physical stimulus,
therefore the effects of loss of TNFR1 or TNFR2 signalling are likely to be very different.
In this chapter, I used knockout animals to look for possible consequences of TNFR1 and
TNFR2 signalling in a clinically relevant, inflammation‐driven model of ARDS. I hypothesised
that TNFR1‐/‐ animals would be protected from injury, while TNFR2‐/‐ animals would
experience exacerbation of injury, reflecting our previous findings with other models.
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5.2 Experimental design
5.2.1 Mice
Male C57BL6 mice obtained from Charles River, Margate, UK were the wild types used for
experiments. Males were exclusively used as there are gender differences in the response to
LPS induced ARDS between males and females [373]. TNFR1‐/‐ and TNFR2‐/‐ mice were
purchased from Jackson Laboratories USA and bred in house to between 10 and 18 weeks
old, weighing 20‐32 grams. Expression of TNFR1 or TNFR2 was checked by flow cytometry to
confirm the expression/non‐expression of the receptor on the relevant knockout (Figure
5.1).
Expression of TNFR1 and TNFR2 on Ly6C+ monocytes, to confirm genetic knockout

A

B

Figure 5.1 TNFR1 and TNFR2 knockout A) expression of TNFR1 in Ly6C+ monocytes in wild type and TNFR1‐/‐ mice. B)
expression of TNFR2 in wild type and TNFR2‐/‐ mice.

5.2.2 Intranasal dosing
Animals were anaesthetised and dosed as previously described in chapter 2.

5.2.3 Surgery
Animals were anesthetised using xylazine and ketamine, and instrumented as previously
described. Recruitment manoeuvres were performed at the start of the experiment, and
after 30 minutes. Arterial blood samples and measurements for respiratory mechanics were
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taken 5 and 30 minutes after recruitment manoeuvres. At the end of the experiment
animals were sacrificed by exsanguination.

5.2.4 Analysis
Lungs were lavaged as previously described. Cells were separated by centrifugation and
analysed using flow cytometry. BAL fluid was stored for BAL protein quantification and
LEGENDplex™ (Biolegend®) analysis. A single cell suspension was generated from whole lung
tissue, which was then stained as before for flow cytometric analysis.

5.2.5 LEGENDplex assay
A mouse 13‐plex cytometric bead array was carried out on BAL samples from wild type,
TNFR1‐/‐ and TNFR2‐/‐ mice, at 0 and 3 hours post LPS treatment. LEGENDplex kits use the
same basic principles of traditional sandwich immunoassays, where a soluble analyte is
captured between two antibodies. In traditional ELISAs, these antibodies are bound to the
bottom of a 96 well plate, whereas in a bead array, they are bound to beads that have a
known size and fluorescence in the APC channel. This allows multiple targets to be viewed
at a time. Once the analyte has bound to the bead, biotinylated detection antibodies are
then added, which bind specifically to the target analyte. The targets included in the kit used
are shown below in Table 4.1
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Target
CCL2 (MCP-1)
GM-CSF
IFN-β
IFN-γ
IL-1α
IL-1β
IL-6
IL-10
IL-12 (p70)
IL-17A
IL-23
IL-27
TNF-α

Bead ID
A8
B9
B7
A6
A5
B2
B4
B3
A10
B6
A4
B5
A7

Table 5.1: Target analytes and bead IDs in the 13 plex cytometric bead array kit used.

The samples were then washed, and streptavidin‐phycoerythrin (SA‐PE) was added, which
bind the biotinylated detection antibodies, thus providing a fluorescent signal with
intensities proportionate to the amount of bound analyte. For each bead population, the PE
signal intensity is then quantified by flow cytometry. Specific LEGENDplex software is then
used to draw standard curves, and determine the concentration of the target analytes. The
advantage of multiplex assays is that you can analyse multiple samples from a small volume
of starting material, as little as 12.5µl.
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5.3 Results
Effects of LPS administration on lung physiology in TNFR1‐/‐ animals
5.3.1 Weight loss
% body weight lost throughout the course of the experiment in wild type and TNFR1 ‐/‐ mice

Figure 5.2: Wild type and TNFR1 ‐/‐ animals were anaesthetised and given 50 µg LPS intranasally. Mice
were allowed to recover in a clean cage, and were given free access to food and water. They were then
weighed daily. Error bars represent the SD, n=4‐7 mice per group. The overall response to LPS in terms
of weight loss was significantly different between the genotypes, as shown by the interaction measured
by 2 way anova **P<0.001

The data in Figure 5.2 show that wild type animals have a weight loss peak at 48h, after
which time they quickly return to their pre‐treatment weight. The weight loss in TNFR1‐/‐
animals follows a significantly different pattern to that seen in the wild types (P=0.0094 by 2
way anova), with their weight loss being reduced but peaking later. The data in Figure 5.2
perhaps supportive of the theory that overall injury seen in LPS induced ARDS is influenced
by TNFR1 signalling, and the finding that TNFR1‐/‐ animals continued to lose weight until 72
hours, suggests that TNFR1 signalling probably plays different roles depending on the stage
of the disease. TNFR1 signalling in the acute phase of the LPS model causes mice to lose
weight, but later in the disease course TNFR1 signalling may be beneficial.
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The fact that weight loss overall is marginally lower in the TNFR1‐/‐ animals may suggest
that TNFR1 is likely to be partially responsible for the catabolic state induced by TNF, via
mechanisms discussed in the previous chapter.
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5.3.2 Arterial Oxygenation
Arterial PaO2:FiO2 in wild type and TNFR1 ‐/‐ animals after LPS treatment

5 minutes post recruitment

30 minutes post recruitment

Figure 5.3: Wild type and TNFR1 ‐/‐ animals were anaesthetised and given 50 µg LPS intranasally. Mice were allowed to recover
in a clean cage, and were given free access to food and water. At specified timepoints mice were anaesthetised with
ketamine/xylazine, as previously described. They were then ventilated at a low stretch for 30 minutes, then sacrificed by
exsanguination. Elastance was calculated from measurements obtained using the end‐expiratory pause technique. n=3‐5 mice
per group. Error bars represent the standard deviation.

As human ARDS severity is classified by the Berlin scale, according to the degree of hypoxia,
it was important for us to look at the degree of hypoxia in the TNFR1‐/‐ animals vs their wild
type counterparts. There was no significant difference in the arterial oxygenation response
after either 5 or 30 minutes ventilation, between the genotypes during the experiment as
seen in Figure 5.3. These results were a little surprising as improvement in arterial
oxygenation has been shown after knockout of TNFR1 in VILI and acid models of disease [66,
175].
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5.3.3 Respiratory mechanics
Respiratory elastance calculated from measurements taken using the end inspiratory
occlusion technique, in wild type and TNFR1‐/‐ mice.
5 minutes post recruitment

30 minutes post recruitment

Figure 5.4: Wild type and TNFR1 ‐/‐ animals were anaesthetised and given 50 µg LPS intranasally. Mice were allowed to
recover in a clean cage, and were given free access to food and water. At specified timepoints mice were anaesthetised
with ketamine/xylazine, as previously described. They were then ventilated at a low stretch for 30 minutes, then sacrificed
by exsanguination. Elastance was calculated from measurements obtained using the end‐expiratory pause technique n=2‐4
mice per group. Error bars represent the SD .

Although I didn’t see any improvements in the arterial oxygenation (Figure 5.3), there may
be some slight differences in the respiratory mechanics. All mice were ventilated at 9ml/kg.
From the data in Figure 5.4 we can see that TNFR1 ‐/‐ mice follow a somewhat different
pattern of elastance throughout the four‐day time course. The data was not normally
distributed and couldn’t be normalised, therefore it was not possible to carry out a two way
anova to compare the responses of the two genotypes.
Initially elastance is higher in the TNFR1‐/‐ group, however, while the wild type elastance
increases to day four, the elastance in the TNFR1‐/‐ group remains constant. The difference
between the baseline 30 minute elastance between WT and TNFR1‐/‐ mice may indicate
that there are some differences between the genotypes, which could complicate later
analysis.
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The fact that the elastance doesn’t increase after the 24h time point in the TNFR1‐/‐ animals
suggests that these animals may respond differently to the LPS treatment compared with
the wild type animals. There are a couple of possible explanations for these findings. As the
elastance in the wild types carried on increasing to 96 hours, it seems possible that a degree
of scarring may have occurred, which resolves by 7 days (Figure 4.5). It may be that in the
TNFR1‐/‐ animals, this scarring doesn’t occur. It is also possible that there is increased
alveolar fluid in the wild type animals compared with TNFR1‐/‐, however this is less likely as
the oxygenation data shows improvement by 96h in both genotypes. Finally, there may be
differences in surfactant production or stability between the genotypes.
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5.3.4 BAL Protein
BAL protein concentration in wild type and TNFR1‐/‐ mice

Figure 5.5: Wild type and TNFR1 ‐/‐ animals were anaesthetised and given 50 µg LPS intranasally. Mice were allowed to
recover in a clean cage, and were given free access to food and water. At specified timepoints mice were anaesthetised with
ketamine/xylazine, as previously described. They were then ventilated at a low stretch for 30 minutes, then sacrificed by
exsanguination. BAL was then performed using the technique described in Chapter 2. n=3‐4 mice per group. Protein was
quantified using the Bradford protein assay. Error bars represent the standard deviation.

BAL protein concentration is an indicator of barrier permeability. There was no significant
difference in the BAL protein between the TNFR1‐/‐ and the wild type animals as
demonstrated in Figure 5.5, indicating a similar level of barrier permeability was present
between the two groups.

This is consistent with the findings in Figure 5.3, which showed that there was no difference
in the arterial oxygenation between the two groups.

While the oxygenation and the barrier permeability were not significantly different between
the wild type and TNFR1‐/‐ animals, the weight loss and elastance data indicate that there
may be differences, although these are not especially dramatic. As TNFR1 is known to be
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involved in inflammation, I looked at the inflammatory cells to see whether there were
more obvious differences in the response to LPS between the strains.
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Effects of LPS administration on lung inflammation in TNFR1‐/‐ animals
5.3.5 Neutrophils
Number of neutrophils in the BAL and lung of wild type and TNFR1‐/‐ mice

Figure 5.6: Wild type and TNFR1 ‐/‐ animals were anaesthetised and given 50 µg LPS intranasally. Mice were allowed to recover in a
clean cage, and were given free access to food and water. At specified timepoints mice were anaesthetised with ketamine/xylazine, as
previously described, then anesthetised and instrumented at the specified time points. N=3‐7 mice per group. Difference in the response
in the number of lung neutrophils was measured by two‐way anova **P<0.0.01. Error bars represent the standard deviation.

Figure 5.6 shows that lung neutrophil numbers were consistently lower in the TNFR1‐/‐
animals compared with the wild types. The response to LPS treatment was significantly
different between the groups (P=0.0081 by 2 way anova). Of particular interest was the
finding that, in the lung, neutrophil number in the TNFR1‐/‐ animals peaks at 24h then falls
steadily to 96h. This contrasts with the neutrophil number in the wild type animals that
peaks later at 48h before rapidly declining. Neutrophil number in the BAL was hard to
interpret, as there was a lot of variability, particularly at the 48h time point in the TNFR1‐/‐
animals. There was one large outlier in the TNFR1‐/‐ group, which skewed the results at this
time. The data points both with and without the outlier are shown overleaf.
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BAL neutrophils demonstrating the
outlier in the TNFR1‐/‐ animals

BAL neutrophils with the outlier
removed

Figure 5.7: BAL neutrophil numbers showing individual points, before and after the removal of the outlier shown at 48h in the TNFR1‐/‐
group.

As shown in Figure 5.7, the removal of the outlier results in a rather different picture to that
seen in Figure 5.6. Instead of an increase in BAL neutrophils at 48 hours, it suggests that
there may actually be a reduction in neutrophil number in the TNFR1‐/‐ animals. This better
reflects the changes seen in the lung neutrophil number in these animals in Figure 5.6,
however this finding must be interpreted cautiously.
Various previous studies have examined the role that TNFR1 plays in the recruitment of
leukocytes to the lung after an insult. Peschon et al showed that TNFR1‐/‐ animals had a
reduced initial influx of neutrophils after intranasal administration of heat inactivated M.
faeni [374], however, this paper did not observe differences in the neutrophil response after
intranasal LPS administration. The reasons for the discrepancy between this publication and
the findings in Figure 5.6 are not known, but may be the result of strain differences between
the mice used, or possibly differences in the origins of the LPS used.
In a separate study, knockout of TNFR1 was shown to be associated with reduced BAL
neutrophils in response to inhaled endotoxin, which more closely aligns with our findings
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[375]. The reduction of neutrophil accumulation in the lungs of TNFR1‐/‐ animals (Figure
5.6) shows that, in this model, TNFR1 signalling is important for the recruitment of
neutrophils to the lung tissue, and provides evidence that targeting TNFR1 may be a
promising therapeutic strategy to reduce inflammation in ARDS.
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5.3.6 Ly6C+ monocytes
Number of Ly6C+ monocytes in the BAL and lung of wild type and TNFR1‐/‐ mice

Figure 5.8: Wild type and TNFR1 ‐/‐ animals were anaesthetised and given 50 µg LPS intranasally. Mice were allowed to
recover in a clean cage, and were given free access to food and water. At specified timepoints mice were anaesthetised
with ketamine/xylazine, as previously described, then anesthetised and instrumented at the specified time points. Ly6C+
monocyte number in the lung was measured using flow cytometry. No monocytes were found in the BAL fluid in this
model.. N=3‐7 mice per group.

Figure 5.8 shows that while there appears to be a slight trend towards less monocyte
recruitment at both 48 and 72 hours in the TNFR1‐/‐ animals in response to LPS, this
difference isn’t statistically significant. This suggests that TNFR1 signalling is less crucial for
the recruitment of monocytes to the lung after LPS treatment than it is for the recruitment
of neutrophils.
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5.3.7 Alveolar macrophages
Number of AMs in the lung, and their CD11b expression, in wild type and TNFR1‐/‐ mice
**

Figure 5.9: Wild type and TNFR1 ‐/‐ animals were anaesthetised and given 50 µg LPS intranasally. Mice were allowed to
recover in a clean cage, and were given free access to food and water. At specified timepoints mice were anaesthetised with
ketamine/xylazine, as previously described, then anesthetised and instrumented at the specified time points. Alveolar
macrophage number in the lung and BAL, and expression of CD11b were measured using flow cytometry. Two way anova was
carried out demonstrating no significant difference in alveolar macrophage number, but **P<0.01 for the CD11b expression
data. Error bars represent the SD, n=3‐7 mice per group.

Alveolar macrophages are essential for the direction of immune responses in the lung, and
are able to respond to DAMPs by producing pro‐inflammatory cytokines and other products
to initiate and maintain inflammatory responses [376]. In addition to their pro‐inflammatory
roles, AMs are vital for the resolution of lung injury, as they are responsible for the
clearance of debris, and the secretion of many anti‐inflammatory and pro‐resolution factors
[376].
In the later stages of LPS induced ARDS, inflammatory monocytes differentiate into mature
macrophages and dendritic cells [377]. As would be expected from the previous data (Figure
5.8) showing that recruitment of inflammatory monocytes is not affected by loss of TNFR1
signalling, Figure 5.9 shows that the number of alveolar macrophages throughout the
disease course is similarly not affected.
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It is interesting to note that the activation of wild type alveolar macrophages, in terms of
their CD11b expression, decreases after the peak of injury at 48h. The overall AM CD11b
response is significantly different between wild type and TNFR1‐/‐ mice (P=0.0064). These
data show that while at the early time points loss of TNFR1 signalling seemed to reduce the
activation of alveolar macrophages (in terms of their CD11b expression), loss of TNFR1
signalling seems to prevent the alveolar macrophages from downregulating CD11b and
returning to their pre‐injury resting state.
These findings may indicate a disruption in the TNFR1‐/‐ AM response to LPS stimulation,
however the consequences of this are not clear at this stage.
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5.3.8 Loss of TNFR2 is highly deleterious in LPS induced ARDS

Previously our laboratory has shown that TNFR2‐/‐ animals experience more severe lung
injury in ventilation and acid induced lung injury models [264, 265]. Both of these models
involve an initial physical injury, with subsequent TNF mediated inflammation contributing
to the pathology of the disease. The LPS model is very different in that the injury is caused
directly by the inflammatory response, therefore I sought to clarify whether TNFR2 is having
a similar protective role in this model.
After completing the TNFR1‐/‐ time course my intentions were to establish a time course
with TNFR2‐/‐ animals to investigate the contribution of TNFR2 signalling on inflammatory
and physiological parameters. As TNFR2‐/‐ animals have been shown to be more susceptible
to both ventilator and acid induced lung injury, I ran a small pilot experiment to ensure that
they could tolerate intranasal LPS. TNFR2‐/‐ animals were treated as before, however,
experiments had to be halted at 3 hours on animal welfare grounds. Exacerbated disease
became evident, with animals becoming hypothermic, lethargic and dyspnoeic. This was in
contrast to the wild type and TNFR1‐/‐ animals, who exhibited no visible sign of illness
except a very transient lethargy at around three hours post LPS administration.
Due to the severity of the response of TNFR2‐/‐ animals to LPS it was not possible to run a
comparable four‐day time course experiment in this genotype. Due to the level of illness in
these animals it was also not possible to re‐anaesthetise, instrument, and ventilate them,
therefore there is no elastance or arterial oxygenation data for this set of experiments.
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5.3.9 Loss of TNFR2 results in significantly increased leukocyte recruitment
Numbers of Ly6C high monocytes and neutrophils in whole lung, and number of neutrophils
in the BAL of WT, TNFR1 ‐/‐ and TNFR2 ‐/‐ mice

Figure 5.10: n=3‐5 mice per group. Wild type, TNFR2‐/‐ and TNFR1 ‐/‐ animals were anaesthetised and given 50 µg LPS intranasally.
Mice were allowed to recover in a clean cage, and were given free access to food and water. 3 hours after LPS administration mice
were anaesthetised with ketamine/xylazine. They were then sacrificed by exsanguination, BAL was performed, and whole lung
tissue was removed as previously described. Lung and BAL neutrophil numbers were normalised and analysed by one‐way anova,
*P<0.05, **P<0.01, ****P<0.0001, error bars represent the SD. Ly6C+ monocyte numbers could not be normalised therefore are
expressed as box and whiskers showing the median and the range, and were analysed using a Kruskal‐Wallis test with Dunns
multiple comparisons *P<0.05, ** P<0.01.

In Figure 5.10 I show that the number of lung and BAL neutrophils and number of
inflammatory monocytes significantly increase between 0 and 3 hours in both the wild type
and TNFR2‐/‐ animals. None of these parameters showed a significant increase in the
TNFR1‐/‐ animals. Although the BAL neutrophil counts in the TNFR2‐/‐ animals were not
significantly different to those seen in the wild types, there were strong trends towards
174 | P a g e

increased neutrophil numbers in these animals (P=0.107). The TNFR2‐/‐ animals did,
however, have significantly increased neutrophil numbers in the lung compared with the
wild type and TNFR1‐/‐ animals (lung P=0.0276, P=0.0011).
The change in inflammatory monocyte count after LPS in the TNFR2‐/‐ and wild type mice
was significant, however this was not seen in the TNFR1‐/‐ mice. In Figure 5.10 there looks
to be an increase in inflammatory monocyte number between the wild types and TNFR2‐/‐
animals at 3h, however, this was not statistically significant.
There are two potential mechanisms by which the neutrophil counts could be increased in
the TNFR2‐/‐ animals. There may be massive recruitment across an intact alveolar epithelial
barrier, due to chemokine release and upregulation of adhesion molecules, or there could
be a catastrophic barrier breakdown. There may also be a combination of the two. To
investigate the degree of alveolar capillary breakdown I looked at the concentration of
protein in the BAL fluid of these animals.
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5.3.10 Loss of TNFR2 signalling results in significant breakdown of the alveolar capillary
barrier
BAL protein in WT, TNFR1 ‐/‐ and TNFR2 ‐/‐ mice

Figure 5.11: n=3‐4 mice per group. Wild type, TNFR2‐/‐ and TNFR1 ‐/‐ animals were anaesthetised and given 50 µg LPS
intranasally. Mice were allowed to recover in a clean cage, and were given free access to food and water. 3 hours after
LPS administration mice were anaesthetised with ketamine/xylazine. They were then sacrificed by exsanguination, BAL
was performed, and whole lung tissue was removed as previously described. Results were analysed using one way
anova with Sidack’s multiple comparisons tests ***p<0.001 Error bars represent the SD.

Upon lung lavage, the BAL fluid was visibly pink/red due to the presence of a red blood cells.
This is highly suggestive of significant barrier dysfunction and subsequent haemorrhage into
the alveolar space. When the BAL fluid was analysed for protein content, Figure 5.11
showed that the TNFR2‐/‐ animals had significantly increased BAL protein levels compared
with the wild types and TNFR1‐/‐ animals (P=0.0004, P=0.0005). Indeed, the latter two
groups had no detectable change in BAL protein between zero and three hours. These data
suggest that TNFR2 signalling is vital to protect the alveolar epithelial barrier, and explains
why the TNFR2‐/‐ animals were unable to tolerate LPS administration.
LPS binds to TLR4, initiating multiple inflammatory cascades as previously discussed. The
fact that the difference in these mice lies in the TNF receptor expression, not the TLR4
expression, suggests that caused the increased destruction of the alveolar epithelial barrier
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seen in this figure is as a result of differences in the inflammatory response to TLR4 ligation.
To investigate this further I carried out a cytomix assay on BAL samples to look for
differences in chemokines and cytokines that could explain these findings.
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5.3.11 Loss of TNFR2 signalling results in increased pro‐inflammatory cytokine concentrations
in the BAL fluid.
Cytokine concentration in the BAL fluid of control and LPS treated WT, TNFR1 and TNFR2 ‐/‐ mice

Figure 5.12: Cytomix assays were carried out on BAL fluid taken from untreated and 3 hour LPS treated wild type, TNFR1‐/‐ and TNFR2‐
/‐ mice. N=3‐4 per group. Results from parts D, E and F were transformed to normally distribute the data. In part A, normalisation
wasn’t possible therefore a Kruskal‐Wallis test with Dunns multiple comparisons was carried out * P<0.05. Part C was also not possible
to transform, but no significance was found. Parts B, D, E and F were analysed by one way anova with Sidak’s multiple comparisons
tests *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 5.12 shows that the concentration of IL1α was significantly increased in both TNFR1‐
/‐ and TNFR2‐/‐ mice after LPS treatment. LPS also caused significant increases in TNF and
IL‐6, which occurred in all three genotypes. While IL‐1α was not significantly upregulated in
TNFR2‐/‐ mice compared to other strains, it did appear to have an increased concentration.
The levels of TNF, IL‐6 and MCP‐1 were all significantly increased in TNFR2‐/‐ mice compared
with the wild types or TNFR1‐/‐ animals.
Of particular interest is the finding that loss of TNFR1 does not lead to excessive TNF
production, as the concentration of TNF in the BAL fluid was slightly reduced compared with
the wild type animals. By contrast, concentration of TNF in the BAL fluid of TNFR2‐/‐ animals
was more than double that of the wild type. This suggests that TNFR2 may be involved in
the regulation of TNF production, possibly as some kind of negative regulatory of TNF
production. This will be investigated further in chapter 8.
IL‐6 production follows a similar pattern, in which loss of TNFR1 has little effect compared to
the wild type animals, however, loss of TNFR2 causes a nearly 4 fold increase in IL‐6
concentration in the BAL fluid.
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5.4 Discussion
Gene modification technologies play an important role in the study of biological systems
and pathways, and genetically altered animals are commonly used in research. Indeed,
searching for “knockout mice” in Pubmed yields over 130,000 results. Although the
availability of genetic mouse models has revolutionised the way we study disease, it is
important to remember the limitations of using knockout animals.
During the generation of knockout mice, a normal functioning gene is usually replaced with
one that is non‐functional. To do this, the disrupted gene and a marker gene (usually
antibiotic resistance), is inserted into a targeting vector. This vector is then introduced into
embryonic stem cells (usually 129‐derived) where integration by homologous recombination
occurs [378]. The stem cells are then implanted into blastocysts, usually on a B6
background, which are implanted into pseudopregnant females and generate chimeric
offspring. These are then selected based on their germline transmission to result in a mouse
where all cells carry the mutation. The problem with this approach is that 129 embryonic
stem cell‐derived genetic material will always be present in the genome, even when
extensively backcrossed to get rid of as much as possible. This difference in genetic
background between wild types and knockouts can be a problem when interpreting data
from knockout animals [379].
To try and combat this problem, a major initiative has been set up with the national institute
of health (NIH), aiming to generate a library B6 embryonic stem cells with every possible
gene knockout accounted for. This has been difficult as B6 stem cell lines are rare and tend
to do poorly compared to 129 [380], however the potential benefits of the B6 project are
enormous, and already some B6 embryonic stem cells carrying various mutations are
available.
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Previously our laboratory has shown that loss of TNFR1 leads to protection from, and loss of
TNFR2 leads to exacerbation of, lung injury caused by ventilation or acid [66, 264]. The LPS
model, however, is very different to other models we have worked with, in that the damage
seen is secondary to inflammation. It was therefore of great interest to see whether the
findings from previous work, would be replicated in this inflammatory model.
Both us and others have previously shown that VILI alone causes relatively little
inflammation, at least in the time frames achieved under experimental conditions [381]. It
is, therefore, not surprising that we have not seen a significant effect of TNFR1 deletion on
the inflammatory response in the VILI model. The injury caused in the acid model is,
however, associated with inflammation, and while TNFR1 knockout does reduce the
physiological markers of injury in this model, its effects on inflammation are limited [66].
By contrast, in this LPS model I show that deletion of TNFR1 significantly reduced neutrophil
recruitment (Figure 5.6), however there was no significant change in the PaO2/FiO2 or the
BAL protein concentration. This suggests a disconnect between the neutrophil influx, and
the eventual injury caused. Neutrophils are essential for the successful clearance of
infectious agents from the lung, however, excessive neutrophil recruitment and activation is
associated with injury. While the role of neutrophils in ARDS remains contentious, it has
been shown that accumulation of PMNs in the lung microvasculature, interstitial and
alveolar compartments is a key feature of ARDS [382]. In addition, severity of disease is
associated with the intensity of alveolar neutrophil infiltration, suggesting a causative link
between PMN recruitment and disease severity [111]. Excessive accumulation and
subsequent activation of PMNs is thought to cause uncontrolled release of reactive oxygen
species, proteases and neutrophil extra cellular traps (NETS) [108].

181 | P a g e

In addition to the finding that TNFR1 knockout reduced neutrophil influx, I also show that
alveolar macrophages respond differently in TNFR1‐/‐ animals. In wild types, there is a
strong upregulation of CD11b that peaks at 48 hours. At this point CD11b is downregulated
to near normal levels by 96 hours. In TNFR1‐/‐ mice, the upregulation follows a similar
pattern, however, there is a failure to downregulate CD11b. This may mean that the
activation of certain regulatory mechanisms in the alveolar macrophage require a sufficient
initial inflammatory stimulus. In the absence of TNFR1 signalling it is possible that the
stimulus to initiate immune regulation is too low, therefore leaving the mouse with chronic
inflammation. The other possible scenario is that differentiating monocytes, which usually
die by apoptosis [161], fail to apoptose and subsequently accumulate in the lung due to the
lack of pro apoptotic TNFR1 signalling. This seems less likely as there is no difference in the
overall number of AMs between the wild type and the TNFR1‐/‐ animals. If cells were not
dying via apoptosis, I would expect to see an increase in AM number in the TNFR1‐/‐ animals
compared with the wild types.
This apparent failure to downregulate CD11b may indicate a more persistent inflammatory
response, potentially explaining the weight loss data shown in Figure 5.2. The fact that the
oedema data does not correlate with the cell numbers or the respiratory mechanics is
curious and may indicate that there is a disconnect between the level of inflammation in the
lung, and the severity of physiological injury in terms of barrier leak and hypoxia. It is,
however, hard to judge whether this is the case in a knockout animal, as they may have
mechanisms in place to compensate for the loss of the gene that has been removed.
In addition to looking at the effects of TNFR1 knockout, I also looked at the effects of TNFR2
knockout. The original intention was to run a full four‐day disease course experiment in
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both knockout genotypes, however this was not possible as TNFR2‐/‐ animals did not
tolerate intranasal LPS treatment well.
While knockout of TNFR1 reduced the neutrophil influx, knockout of TNFR2 significantly
increased the number of neutrophils in both the lung and the BAL fluid. In the lung tissue, it
is difficult to tell the difference between neutrophils that have become trapped in the
microvasculature from those that are residing in the parenchyma or those transitioning to
the alveolar space. If there were no differences between the number of BAL neutrophils
between the different genotypes it may suggest that the difference in the neutrophil
number in the lung was due solely to increased vascular accumulation, however, as the
difference is reflected in the number of BAL neutrophils it seems more likely that this is not
the case.
The increase in neutrophil number in the BAL could be caused by one, or a combination of
two processes. Either there is a cytokine induced breakdown of the alveolar capillary barrier
allowing cells from the blood to pass uninhibited from the circulation into the alveolar
space, or there is active recruitment of PMNs from the circulation into the alveolar space,
which in turn results in barrier damage caused by the translocation of cells. The data in
Figure 5.11 show that the alveolar capillary barrier was severely compromised in TNFR2‐/‐
mice, whereas there was little change in barrier permeability in wild type or TNFR1‐/‐
animals.
In Figure 5.12 I analysed the cytokine profile in the BAL of these mice, to try and ascertain
whether there was an excessive cytokine response that could explain the physiological
symptoms displayed by these animals. I show in Figure 5.12 that TNFR2‐/‐ animals have
significantly increased levels of pro‐inflammatory cytokines such as TNF, IL1α, and IL‐6.
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IL‐1α is a potent pro‐inflammatory cytokine. It usually signals within the cell or on the
membrane, but it is released when cells die, whereupon it acts as danger signal or “alarmin”
[383]. IL‐1α has been shown to precede IL‐1β expression in the lung of mice treated with
intratracheal silica particles, and been shown to regulate the response of alveolar
macrophages to injury in this model [384]. The data in Figure 5.12 show that loss of either
TNFR1 or TNFR2 causes excessive IL‐1 α release, although the reasons for this are unclear.
One hypothesis as to why loss of TNFR2 is deleterious is that TNFR2 is part of a regulatory
feedback mechanism, preventing excessive TNFR1 mediated responses. In wild type and
TNFR1‐/‐ animals, there was a significant increase in TNF in the BAL by three hours after LPS
exposure, however, this is far more pronounced in the TNFR2‐/‐ animals. sTNFR2 may
sequester BAL TNF, preventing excessive TNF signalling.
The fact that loss of TNFR1 signalling reduced the concentration of TNF in the BAL may
indicate that TNF signalling promotes further TNF release in a positive feedback loop, but
only when TNFR1 is present. These data suggest that TNR2 may be a negative regulator of
excessive TNF production, interfering in this positive feedback loop by an as yet unknown
mechanism.
We see a similar pattern when looking at IL‐6 production. Wild type and TNFR1‐/‐ animals
have significantly increased IL‐6 compared with their controls, however, TNFR2‐/‐ animals
produce almost a 4 fold increase in IL‐6 in response to LPS stimulation. IL‐6 is a pleotropic
cytokine with diverse roles in the immune system. It is synthesised locally in the initial
stages of inflammation and acts as a warning signal in response to cell death. It readily
passes into the bloodstream from which it can reach all body tissues, especially the liver
where it rapidly induces an extensive range of acute phase proteins such as C reactive
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protein (CRP), serum amyloid A (SAA), fibrinogen, haptoglobin and α1‐antichymotrypsin
[385]. It also decreases albumin production from hepatocytes, which can promote oedema
[386]. Direct effects on the immune system include inhibition of CD4 T reg differentiation
and the promotion of Th17 differentiation, promotion of B cell differentiation into plasma
cells thereby promoting antibody production, and promoting CD8 cytotoxic T cell production
[386].
IL‐1β is a distinct cytokine, although both IL‐1α and IL‐1β can bind to the IL‐1 receptor. There
was a lot of variability in the IL‐1β information that I obtained, however, it is interesting that
in the wild type animals there was no detectable IL‐1β after three hours of LPS stimulation,
unlike in either knockout where the concentration remained very constant. This may be
another indicator that TNF signalling through both receptors simultaneously is able to exert
some immunomodulatory effects in addition to being pro‐inflammatory.
In addition to high levels of the pro‐inflammatory cytokines TNF, IL‐1α and IL‐6, TNFR2‐/‐
animals had high levels of monocyte chemo‐attractant protein 1 (MCP‐1). MCP‐1 is a
chemoattractant for monocytes, lymphocytes and basophils [387]. Inflammatory stimuli for
MCP‐1 include IL‐1β, IL‐1, IL‐6, IL‐10, TNFα, IFNγ, TNFβ and LPS [388]. Monocytes have been
shown to be deleterious in the early phase of ARDS, although at later stages they become
essential for resolution and repair [103]. Patient survival has been shown to correlate with
the proportion of mononuclear phagocytes that successfully differentiate into macrophages
and dendritic cells in the lung, with ARDS patients 51% more likely to survive if their
monocytes transitioned into alveolar macrophages [119]. In the acute phase of ARDS,
excessive MCP‐1 production may cause dysregulated recruitment of monocytes into the
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lung parenchyma, which would explain the high numbers of monocytes seen in the TNFR2‐/‐
animals.
In Figure 5.12 I show that wild type animals responded to LPS by downregulating the
regulatory cytokine IL‐10. It was interesting to note that loss of either TNFR1 or TNFR2
resulted in reduced baseline IL‐10. The downregulation of IL‐10 seems to be reduced in
TNFR1‐/‐ animals, possibly suggesting that acute TNFR1 stimulation may be partly
responsible for this decrease in IL‐10. TNFR2‐/‐ mice only produce barely detectable
amounts of IL‐10, even at baseline.
Animals that are genetically unable to produce IL‐10 are more susceptible to septic shock,
and have far higher plasma serum levels of TNFα and IL‐6 in response to caecal ligation and
puncture than wild type animals [389]. The data in Figure 5.12B suggest TNFR2‐/‐ animals
may have lower baseline IL‐10, possibly giving some explanation to the exacerbated disease
in these animals. IL‐10 is well known for its ability to suppress TNF production, which can be
beneficial in autoimmune conditions, or deleterious in neoplasia or infection with various
pathogens such as tuberculosis [390].
TNFR1‐/‐ animals may be able to cope with reduced IL‐10 signalling because they also have
reduced pro‐inflammatory stimulation from TNFR1. TNFR2‐/‐ animals, however, will still
have pro‐inflammatory TNF signalling via TNFR1, but did not produce IL‐10.
Due to problems sourcing and breeding TNFR2 knockout animals, it was not possible to
expand on these in vivo experiments. For a long time, it was not possible to buy in TNFR2 ‐/‐
mice, and in our hands, they did not breed well. This resulted in the low numbers (3‐4 per
group) used in these experiments. TNFR2‐/‐ animals have now recently been made available
for purchase, therefore there is now scope for adding to these experiments in the future.
186 | P a g e

Chapter 6: TNFR1 pre-treatment model
6.1 Introduction
TNF has been implicated in the pathogenesis of ARDS in both clinical and experimental
models. Persistently high levels of BAL TNF are associated with poor outcomes in the clinic
[193], however, clinical trials aiming at inhibiting TNF through fusion proteins or monoclonal
antibody therapy have been disappointing [282‐284]. Although individual trials have not
shown an overall benefit of anti‐TNF therapy, a large meta‐analysis of ARDS patients with
sepsis has shown a small benefit of anti‐TNF therapy [391].
There are various reasons that may be underlying the unremarkable effects of anti‐TNF
therapy in the clinics. Research done previously in our lab has shed light on this problem by
showing that TNF signals through two cell surface receptors, p55 and p75, and signalling
through these receptors produces opposing effects [264, 265]. In addition to this, previous
studies used conventional anti TNFR monoclonal antibodies, which have a tendency to
induce receptor cross‐linking, which may cause activation rather than inhibition of signalling
[392, 393].
To date, the majority of data available about the contribution of TNFR1 and TNFR2 to
respiratory distress comes from genetic knockout models, much as I carried out in chapter
5. Although genetic knockout models are very useful, problems with systemic
compensation make it impossible to investigate receptor cross‐talk, and can’t mimic the
effects achieved through reversible inhibition seen during pharmacological intervention.
To solve this problem and allow for specific blockade of TNFR1, GSK developed a TNFR1
specific domain antibody [394]. Domain antibodies are single variable domains of full
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antibodies, and contain the structural determinants for antigen recognition while still being
extremely small (~12kDa). They have excellent tissue penetration and can achieve high local
alveolar concentration by direct administration, for example by aerosol. They are also
monovalent by design, therefore are unable to cross‐link receptors.
Previous work in our laboratory has shown that pre‐treatment with the TNFR1 dAb affords
protection from both VILI and acid induced ARDS [175, 363]. In this chapter, I investigated a
pre‐treatment model of LPS induced ARDS, in which mice received either an intratranasal
dose of TNFR1 dAb, or non‐targeting domain antibody (dummy Ab) before LPS exposure. In
previous experiments (chapter 5) I showed that genetic knockout of TNFR1 reduced
neutrophil numbers in the lungs of mice, as well as small changes in respiratory mechanics
and reduction of overall weight loss. There was, however, no significant effect on other
parameters including PaO2/FiO2, and barrier permeability.
In chapter 5 I showed some differences between TNFR1‐/‐ and wild type lungs, however as
these animals are affected by chronic TNFR1 inhibition, the results may not reflect the
response of a wild type animals after acute inhibition of TNFR1. I therefore moved on to
investigate acute pharmacological inhibition of TNFR1 using the TNFR1 dAb.
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6.2 Experimental design
6.2.2 Mice
Male c57bl6 mice (Charles River) aged 10‐12 weeks were used for all experiments.

6.2.3 Intranasal dosing
Mice were anaesthetised in 3% isoflurane as previously described. They were then either
given 100µg TNFR1 dAb or non‐targeting “dummy” Ab as a control, in two 25µl doses
intranasally. Mice received either the drug or the dummy Ab in a randomised blinded
manner. They were then removed from the isoflurane chamber to recover in their cage.
Three hours after the dAb/dummy Ab was given, mice were anaesthetised again using
isoflurane and given 35µg LPS in 50µl saline intranasally.
The dose was reduced slightly from the experiments in chapters 2 and 3. This is because a
new batch of LPS was used, which resulted in one experiment being terminated early due to
the mice being more unwell than in all previous experiments. A pilot dose response
experiment showed that 35µg LPS from the new batch gave equivalent inflammation and
physiological responses to that seen with 50µg of the previous batch.
In these experiments, I was investigating whether TNFR1 inhibition could alter the
development of LPS induced ARDS, and limit the pathology at the peak of disease. In
chapter 4 I show that the peak of LPS induced ARDS occurs at around 48 hours, therefore I
looked at the 24 and 48 time points in these experiments.
At 24 and 48 hours after LPS administration, mice were anaesthetised with xylazine and
ketamine, and instrumented as previously described. Samples were taken as before.
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6.3 Results
Physiological effects of TNFR1 blockade on LPS induced ARDS
6.3.1 Weight loss
% body weight lost over 48 h in dummy Ab/TNFR1 dAb treated mice

Figure 6.1: Mice were treated with dummy, or TNFR1 dAb and dosed with LPS as previously described. They were weighed daily and
weight loss as a percentage of their untreated weight was calculated. At 48h mice in the dAb treated group lost significantly less
weight than the dummy treated animals (P<0.0151 Sidak’s multiple comparisons tests). Error bars represent the SD, n=5 per group.

Intranasal LPS causes significant weight loss as shown in the two previous chapters (Figures
4.2 & 5.1). Figure 6.1 shows that after LPS administration, TNFR1 dAb treated animals lost
significantly less weight at the 48‐hour time period. The dAb treated animals also started
regaining weight by 48 hours, shown by the fact that the % weight lost is returning towards
zero, unlike the dummy treated animals where weight loss was maintained.
This suggests that the dAb treated animals may experience fewer systemic effects of
intranasal LPS administration, and may be resolving the injury faster than the dummy
treated animals. In the LPS model of ARDS there is a shift towards a catabolic state,
primarily mediated by TNF and IL1 alpha [395, 396] . It is possible that the decrease in
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weight loss is due to decreased release of TNF or other cytokines, or is a result of a reduced
systemic response to the cytokines released from the inflamed lung.

6.3.2 Barrier permeability
BAL protein levels in dummy and TNFR1 dAb treated mice at 24 and 48 h

Figure 6.2: Mice were treated with dummy or TNFR1 dAb and dosed with LPS as previously described. At 24 and 48h mice were
sacrificed by exsanguination and BALs were performed as described in the methods. BAL protein was determined by Bradford Protein
assay. Error bars represent the SD, n=5 per group.

One of the hallmarks of ARDS is a breakdown of the alveolar capillary barrier, leading to
diffuse pulmonary oedema and subsequent hypoxia. Leakage of serum protein into the
alveolar space was measured in dummy and dAb treated animals to determine barrier
integrity. While Figure 6.2 shows there was not a significant reduction in BAL protein, there
was a trend for dAb treated animals to have reduced BAL protein as measured by the
Bradford protein assay.
The concentration of protein in the lung was not highly elevated in either group (untreated
control mice have a BAL protein of between 0‐0.3mg/ml), indicating that the barrier
permeability is only minimally compromised in these experiments.
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6.3.3 Elastance
Elastance in TNFR1 dAb and dummy treated animals 24 and 48 hours after LPS
Five minutes post recruitment

Thirty minutes post recruitment

Five minutes post recruitment

Five minutes post recruitment

Five minutes post recruitment

Figure 6.3: Mice were treated with dummy or TNFR1 dAb and dosed with LPS as previously described. At 24 and 48h mice were
instrumented and ventilated at 9mls/kg for 30 minutes, beginning with a recruitment manoeuvre to reverse any atelectasis that may have
occurred during surgical preparation. Mechanics data was recorded at 5 and 30 minutes after the onset of ventilation. Error bard represent
the SD, n=5 per group.
.

Figure 6.3 shows that there was no difference in the respiratory mechanics between treated
and untreated mice. It is, however, noteworthy that the elastance in the dAb treated
animals seems to be falling by 48h, whereas the elastance in the dummy treated group
remains high, however there is variability in these data sets. It does appear that by 48h, at
30 minutes post recruitment there is a reduction in the elastance even though there is no
statistical significance (P=0.11). Current data, however, suggests that TNFR1 blockade is not
sufficient to prevent changes in mechanics associated with LPS induced ARDS in this model.
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6.3.4 Arterial oxygen saturation
PaO2:FiO2 in dummy Ab and TNFR1 dAb treated mice, 24 and 48 hours after LPS treatment
Five minutes post recruitment

Thirty minutes post recruitment

Five minutes post recruitment

Thirty minutes post recruitment

Five minutes post recruitment

Thirty minutes post recruitment

Five minutes post recruitment

Thirty minutes post recruitment

Figure 6.4: Mice were treated with sham or TNFR1 dAb and dosed with LPS as previously described. At 24 and 48h mice were
instrumented and ventilated at 9mls/kg for 30 minutes, beginning with a recruitment manoeuvre to prevent atelectasis. An arterial
catheter was placed into the left carotid artery. Arterial blood samples were taken at 5 and 30 minutes after the onset of ventilation,
and immediately analysed for oxygenation. Error bars represent the SD, n=4‐5 per group.

Oxygenation is perhaps the most important measure of ARDS severity. The condition is
diagnosed, and its severity assessed by the oxygenation status of patients. Unfortunately, in
this model I was unable to show a beneficial effect of TNFR1 blockade on oxygenation as
shown in Figure 6.4. It should, however, be noted that in this model, animals did not
experience the severity of injury observed when characterising the model, as shown in
Figure 6.5. Figure 6.5 shows that oxygenation, 5 minutes after a recruitment manoeuvre, in
this pre‐treatment model was significantly higher than animals that did not receive any
intervention prior to LPS administration.
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Figure 6.5: PaO2/FiO2 at 48 hours in TNFR1 dAb treated, dummy treated, and mice that received LPS with no prior treatment.
PaO2/FiO2 is significantly lower in animals that only received one anaesthetic, i.e. had no intervention before LPS administration.

There was also a lot of variability in the data, especially at 48h, in the pre‐treated animals
(Figure 6.5). There are a number of possible reasons for this. The pre‐treatment model
involved two anaesthetics, one to administer the drug, and a second 3 hours later to
administer the LPS. It has been well documented that pre‐exposure, to isoflurane is
protective against LPS induced ARDS [397‐399]. I tried to minimise the effects of this
phenomenon by giving a very brief anaesthetic for drug dosing, but I still had problems with
variability in the results.
Despite these issues, it was interesting to note that the delivery of two fluid boluses directly
to the lungs of the mice caused no adverse consequences. Indeed, if anything the mice that
received two boluses were less injured than those that received only the LPS.
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TNFR1 dAb effects on inflammation within the lungs of LPS treated mice

In the knockout animals in chapter 5, I also saw little physiological protection after loss of
TNFR1 signalling, however, I did see some changes to the inflammation present.

6.3.5 Neutrophils
Number of lung and BAL neutrophils in dummy Ab and TNFR1 dAb treated mice, 24 and 48
hours after LPS treatment

Figure 6.6: Neutrophil counts performed by flow cytometry on homogenised lung samples and on BAL fluid from mice treated with a
single intranasal dose of either a dummy dAb or a TNFR1 dAb. 3 hours after dAb dosing mice were then given an intranasal dose of LPS as
previously described. Sidak’s multiple comparison tests were carried out for each sample *P<0.05, **P<0.01. Error bars represent the SD.

In Figure 6.6 I show that lung neutrophil number was significantly reduced at both 24 and 48
hours in the TNFR1 dAb groups. There was a trend towards lower neutrophil numbers in the
BAL, however, the reduction in the BAL neutrophils is not statistically significant, probably
due to variability in the samples.
These data either suggest that acute blockade of TNFR1 prevents the recruitment of
neutrophils from the circulation into the lung parenchyma, or that neutrophils in the lung
have a faster turnover due to differences in TNF signalling. The latter seems unlikely,
because the clearance of the dAb meant that the influxing neutrophils may not encounter
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the TNFR1 dAb, therefore would have normal TNF signalling. It is therefore more likely that
the reduction in neutrophils in the dAb treated groups is a result of differences in the
chemokines secreted by various cell types after LPS administration.
To explain why the number of neutrophils in the lung was reduced in this model, I examined
BAL levels of the murine neutrophil chemotactic protein KC (CXCL1).
BAL KC levels in dummy Ab and TNFR1 dAb treated mice, 24 and 48 hours after LPS
treatment

Figure 6.7: BAL fluid from mice treated with a single intranasal dose of either a dummy dAb or a TNFR1 dAb, then 3 hours later
with LPS, was analysed by ELISA for KC. Error bars represent the SD.

In Figure 6.7 I show that levels of KC in the BAL tended to be lower in the dAb treated
animals compared with the dummy treated animals, however the differences were not
statistically significant. There are, however, other possible chemoattractants such as IL‐1α
or MIP‐2 that may explain the difference in neutrophil number in dAb treated mice. It is also
possible that the alveolar capillary barrier in dAb treated mice is protected by TNFR1
blockade, thus preventing neutrophils from leaking into the alveolar space, however this is
unlikely as Figure 6.2 shows no difference in the barrier permeability between treated and
untreated mice. TNFR1 is found on all cell types in the body including leukocytes,
endothelial cells and the epithelium [400]. The alveolar epithelium is in direct contact with
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the dAb after intranasal delivery, as are the resident leukocytes in the lung. It is known that
TNFR1 signalling results in the upregulation of adhesion molecules such as ICAM in multiple
cell types [401].
Reduced activation of these cells due to reduction of TNFR1 signalling may also be a
mechanism resulting in less neutrophil adhesion, and subsequent migration into the lung.

197 | P a g e

6.3.6 Ly6C+ monocytes
Number of lung Ly6C+ monocytes in dummy Ab and TNFR1 dAb treated mice, 24 and 48
hours after LPS treatment

Figure 6.8: Ly6C+ inflammatory monocyte counts performed by flow cytometry on homogenised lung samples from mice treated with a
single intranasal dose of either a dummy dAb or a TNFR1 dAb. 3 hours after dAb dosing mice were then given an intranasal dose of LPS as
previously described. Sidak’s multiple comparison tests were carried out **P<0.01. Error bars represent the SD.

In addition to the reduction in neutrophil numbers in the lung, by the 48h peak of injury I
also see a significant reduction in the number of Ly6C high (inflammatory) monocytes in the
lung (Figure 6.8). It is interesting that at 24 hours this difference is not apparent, however
during the peak of injury there is a significant reduction in the number of these cells. The
TNFR1 dAb has a relatively short half‐life, therefore is unlikely to be present in the lung by
48 hours. This means that short term TNFR1 inhibition during the initial disease induction
period, is able to alter signalling events much later in the disease course.
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6.3.7 Alveolar Macrophages
Number, and activation of alveolar macrophages in the lungs of dummy Ab
and TNFR1 dAb treated mice, 24 and 48 hours after LPS treatment

Figure 6.9: Wild type animals were anaesthetised and given 50 µg LPS intranasally. Mice were allowed to recover in a clean cage, and
were given free access to food and water. 3 hours later, they were anaesthetised again, and given 100 µg dummy Ab or TNFR1 dAb. At
either 24 or 48 h mice were anaesthetised with ketamine/xylazine, as previously described, then instrumented. Alveolar macrophage
number in the lung and BAL, and expression of CD11b were measured using flow cytometry. Macrophages were defined as CD45+,
F4/80 high and CD11c high cells. Statistics show Sidak’s multiple comparison tests *P<0.05, error bars represent the SD.

Over the 48h time period, the number of alveolar macrophages in both groups of mice
remained relatively constant (Figure 6.9). This is to be expected because alveolar
macrophages are extremely long lived, and have been shown by Janssen et al to persist
throughout the course of pulmonary disease, unlike other cell types during inflammation
that tend to have a rapid turnover [161]. I have previously discussed that, upon stimulation
with LPS, a large proportion of alveolar macrophages upregulate CD11b, a marker of cellular
activation. Pre‐treatment with the TNFR1 dAb reduced the proportion of alveolar
macrophages that responded to the LPS challenge in this way.
As TNFR1 dAb pre‐treatment consistently reduced the percentage of macrophages in the
lung that are upregulating CD11b, these data suggest that TNFR1 signalling is playing a role
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in upregulation of CD11b in alveolar macrophages, although the signalling events behind
this are not clear.
Phenotype of alveolar macrophages in the lungs of dummy Ab and TNFR1 dAb
treated mice, 24 and 48 hours after LPS treatment

Figure 6.10: Wild type animals were anaesthetised and given 50 µg LPS intranasally. Mice were allowed to recover in a clean cage, and
were given free access to food and water. 3 hours later, they were anaesthetised again, and given 100 µg dummy Ab or TNFR1 dAb. At
either 24 or 48 h mice were anaesthetised with ketamine/xylazine, as previously described, then anesthetised and instrumented. Alveolar
macrophage expression of CD11b were measured using flow cytometry. Macrophages were defined as CD45+, F4/80 high and CD11c high
cells. Statistics show Sidak’s multiple comparison tests *P<0.05, error bars represent the SD. Mannose receptor and NOS2 expression in
CD11b+ and CD11b‐ lung alveolar macrophages. N=5 per group. Lungs were processed as previously described, and stained for analysis by
flow cytometry. Error bars represent the standard deviation.

Although the percentage of CD11b cells is significantly different between dummy antibody
and dAb treated mice, there was no statistically significant difference in the levels of NOS2
or mannose receptor expression between the different groups at 24 or 48 hours (Figure
6.10). This may not be surprising as it may be the proportion of cells that express the
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marker, rather than the level of marker that is important. In vivo it is very difficult to
establish the exact cause of these differences in CD11b upregulation as there are so many
possible factors. To add clarity to these findings an in vitro modelling system was later
developed to help determine the role of TNFR1 and TNFR2 in macrophage activation.

6.4 Discussion
These experiments were the first I undertook to determine the effects of acute TNFR1
blockade in a predominantly inflammatory model of ARDS. Care was taken to ensure that
the dosing protocol, involving two anaesthetics, and two incidences of intra‐alveolar fluid
administration in quick succession, was well tolerated and did not cause any adverse effects.
Alveolar fluid clearance (AFC) was taken into account when designing the dosing strategy. It
was important to ensure that the initial fluid bolus, consisting of saline + TNFR1 dAb or
dummy Ab, was cleared sufficiently to allow a second dose containing LPS without causing
alveolar flooding. Alveolar fluid clearance has been shown to occur at a rate of between 10‐
25% per 30 minutes [66, 402], therefore three hours was left between the first and second
anaesthetic, to allow time for fluid clearance via previously described mechanisms.
In the LPS model there were clear differences in the inflammation present between TNFR1
dAb treated and dummy Ab treated animals, however, the physiology results did not
significantly reflect this. Although weight loss was significantly improved by acute TNFR1
blockade, BAL protein, elastance and PaO2/FiO2 ratio were unaffected. I did, however, show
that the oxygenation deficit in both groups in this pre‐treatment model was less severe than
that seen in chapter 4. Despite the difference in oxygenation, BAL protein content and
elastance measurements were similar between the animals in chapter 4 and chapter 7. The
possible reasons for this difference are explored below.
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In order to perform a pre‐treatment dosing strategy, two isoflurane anaesthetics are
required to firstly give the drug, then LPS treat the mice. Isoflurane anaesthesia has been
specifically shown to protect against LPS induced ARDS [397].
Reutershan et al demonstrated that pre‐exposure to 1.4% isoflurane for 30 minutes resulted
in reductions in BAL protein, neutrophil recruitment, and concentration of MIP2 and KC
[398]. I show in Figure 6.5 that overall drop in arterial oxygenation was significantly different
between dummy treated animals, and those that received no pre‐treatment prior to the
anaesthetic. It may be that the dummy antibody has some protective effect, however, this is
unlikely as the dummy antibody is non‐targeting and has not been shown to affect
physiological parameters in previous studies [175, 363]. It was not possible to ascertain
whether the anaesthetic or the dummy antibody was the source of the protection, as
administration of the dummy antibody required general anaesthesia. It is possible that a
significant response to TNFR1 blockade may have been masked because the animals were
not sufficiently injured. An increased dose of LPS may help to clarify this, however,
experiments prior to this series indicated that higher doses resulted in excessive weight loss,
leading to premature termination of the experiments.
We have recently published a similar study, looking at the effect of TNFR1 dAb treatment in
an acid induced lung injury model [363]. In this study, I showed that physiological markers of
lung injury such as BAL protein and elastance were significantly improved at 24 hours by
pre‐treatment with the TNFR1 dAb, but that there was no difference in the leukocyte
numbers at the time point where we saw differences in physiology. In both the acid and LPS
models, there is a disconnect between physiological injury and inflammation, the reasons
for which are not clear. The two models are, however, extremely different, with the acid
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model caused by a direct injury at time 0, followed by an inflammatory response and
subsequent resolution. In the LPS model, injury is caused by the products of an excessive
inflammatory response. It is therefore not surprising that TNFR1 blockade would have
different effects in the different models.
The protection afforded by the TNFR1 dAb in acid induced ARDS has been shown to be at
least partially due to decreased caspase 8 activity in AECs, however, data recently presented
showed that caspase 8 activation in these cell types is not a feature of LPS induced ARDS
[370]. This highlights the difference between these models, and demonstrates why looking
at the role of TNF receptors in different models is so important.
The results presented show that acute TNFR1 blockade shared some features with the
genetic knockouts previously studied, for example, both TNFR1 dAb treated and TNFR1‐/‐
animals lost less weight than sham treated wildtypes. In the knockout animals, it was not
clear whether this was due to a decreased systemic response to TNF, or a reduction in
cytokine release from the lung in response to LPS. In human trials, it has been shown that
the TNFR1 dAb does not pass readily between the plasma and the alveolar space
(NCT01476046). This suggests that reduced systemic release of cytokines or other
inflammatory products over time is the main reason for the decreased weight loss in these
animals, rather than systemic TNFR1 blockade by the TNFR1 dAb after intra‐alveolar
administration.
In both the knockout animals and the TNFR1 dAb treated animals, significantly fewer
neutrophils were found in the lung by the 48‐hour peak of injury (Figure 6.6). This suggests
that TNFR1 signalling is playing an important role in the recruitment of neutrophils in this
model, possibly by increasing chemoattractant release. I did not, however, show a
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significant difference in the concentration of KC between dAb and dummy antibody treated
mice. It is possible that levels of other chemoattractants, or adhesion molecules that we did
not investigate, were different between dummy and TNFR1 dAb treated mice, and this may
be an area for further investigation.
As well as a decrease in neutrophil influx, there was also a decrease in inflammatory
monocyte recruitment (Figure 6.8), the reasons for which are also unclear. It has, however,
been shown that neutrophil influx is linked to the influx of inflammatory monocytes in mice
[403]. This was found to be because PMNs secrete components that directly activate
inflammatory monocytes, as well as LL‐37 and heparin‐binding protein (HBP), which mediate
the recruitment of inflammatory monocytes via activation of formyl‐peptide receptors
[403]. Soehnlein et al showed that LL‐37 and HBP specifically stimulate the mobilisation of
inflammatory monocytes rather than Ly6C low resident monocytes, thus boosting cytokine
levels and aiding the early innate immune response [403]. The reduction in neutrophil
numbers seen with TNFR1 dAb treatment may therefore explain the subsequent reduction
in inflammatory monocytes seen in Figure 6.8, although further investigation is needed to
confirm this.
Currently the mechanisms by which TNFR1 inhibition reduces neutrophil and monocyte
influx after LPS administration are unclear, however, there is some data to show that TNFR1
blockade reduces the activation of alveolar macrophages in response to LPS stimulation
(Figure 6.9). The exact transcriptional events governing CD11b upregulation are unclear,
however, data from the early 90s suggests that CD11b upregulation does not depend on
NFκB activation, but may be instead be related to AP‐1 [404], with ZBP‐89 causing
transcriptional repression [405].
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Alveolar macrophages are known to be key regulators of inflammation during ARDS,
therefore the reduction in AM activation may result in a reduction in the recruitment of
other inflammatory cells [347, 376, 406]. Reduction in AM activation may also be significant
in the explanation behind reduced weight loss in the TNFR1 dAb treated animals. Activated
CD11b+ macrophages express higher levels of M1 pro‐inflammatory markers including NOS2
and ICAM1 (Figure 4.13). Macrophages that are polarised towards the M1 phenotype tend
to release more pro‐inflammatory cytokines such as IL‐12, TNF and IFNγ [407]. A reduction
in the macrophage activation may, therefore, result in less inflammatory cytokine
production in the lung. A possible autocrine signalling mechanism that may underlie this
polarisation (and a possible site of TNFR1 dAb action) is shown in Figure 6.11.
Possible TNF driven autocrine signalling loop, that pushes AMs towards an M1 phenotype

Figure 6.11: Showing a possible mechanism explaining why inhibition of TNFR1 results in reduced AM activation. LPS causes TLR4
activation, resulting in the production of TNF. Macrophages are both the main TNF producer and, as shown in Chapter 4, are the only cell
type in the lung to express TNFR1 after 24 hours. Therefore I hypothesise that inhibition of TNFR1 results in reduced autocrine TNF
signalling, and an overall decrease in AM activation.

In this chapter, I show that acute blockade of TNFR1 has very similar consequences to
genetic knockout of the receptor (chapter 5). In this pre‐treatment model, the confounding
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factors related to the anaesthetic, discussed previously, made the physiological results
difficult to interpret. It was not clear whether, in a more severe injury, the TNFR1 dAb would
show an effect on the physiology, or whether, despite reducing inflammation, the TNFR1
dAb does not impact the physiological parameters in this model. To increase the severity of
the injury would require larger doses of LPS, however, preliminary experiments using an
increased dose resulted in early termination of on welfare grounds. It may have been
possible to perfect this dosing issue by using different volatile anaesthetic agents, however,
this was outside the scope of this project. I decided that the possible data that could be
obtained by perfecting this model, did not justify the financial and time commitments that
would be required to do so. Instead, in chapter 7 I show the development of a new model of
injury that avoids some of the issues faced in this chapter, and gives us valuable information
on the effect of acute TNFR1 inhibition in pre‐injured animals.
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Chapter 7: In vivo two-hit model of ARDS
7.1 Introduction
The majority of animal studies into ARDS involve establishing the disease, which may be by
ventilation or administration of LPS, acid, bleomycin, or other disease causing agent. The
majority of pre‐clinical studies use a pre‐treatment system, in which the disease is
characterised, then drugs are given before the disease is initiated. In chapters 5&6 I showed
the one‐hit LPS pre‐treatment model, and showed that TNFR1 inhibition (or knockout)
conveys some benefits to mice when they received an LPS challenge. While this is useful as a
research tool it does not realistically represent what usually happens to a patient in the
clinic. Prevention of ARDS development is a different challenge to the treatment of
established ARDS, and patients with ARDS generally have significant pathology before there
is any opportunity for therapeutic intervention.
ARDS therapies in animal models have translated extremely poorly in human studies
resulting in the current situation, where since the condition was first described in 1967 [39],
there are still no effective treatments beyond supportive care. Human ARDS is a
multifactorial condition, often involving multiple causes and other systemic illnesses,
therefore, trials in current “single hit” animal models may not be the best way to model this
complex syndrome.
Ventilation is the mainstay of supportive therapy for ARDS patients, however, iatrogenic
injury known as ventilator induced lung injury (VILI) can exacerbate the original condition.
Oedema and atelectasis in the lung reduces the aerated lung volume, which increases the
inspiratory airway pressures in ARDS patients [408, 409]. Increased airway pressure suggests
207 | P a g e

the presence of excessive airway stretch in the aerated lung, which has been shown in
animals to cause the disruption of pulmonary endothelium and epithelium, as well as
inflammation, hypoxaemia and atelectasis [410, 411].
Various two‐hit models have been developed in recent years. These models involve an initial
insult, followed by a secondary stimulus. Since ARDS patients uniformly require mechanical
ventilation, I developed a two‐hit model that involved administration of LPS, which we’ve
showed to cause a significant lung injury by 48 hours, followed by ventilation (at the 48h
time point), at a tidal volume that does not cause injury in healthy animals. Other groups
have worked with similar two‐hit models, and demonstrated that addition of different
injurious stimuli results in compound effects on the level of injury [412‐415]
Two hit models have the advantage that they can combine an acute inflammatory response
with direct damage to the lung. Previously we have shown that pre‐treatment with TNFR1
dAb is effective at reducing VILI caused by high tidal volume ventilation [175]. While this is
important, in the clinic healthy patients are rarely ventilated, with the exception of pre‐term
neonates and surgical patients.
I set out to design a model that more accurately represented the clinical scenario, in which
animals at the peak of LPS induced ARDS were treated with the TNFR1 dAb or a non‐
targeting “dummy” antibody treatment, and subsequently ventilated. I hypothesised that
ventilation would exacerbate the injury present in LPS treated mice, and that administration
of the TNFR1 dAb immediately prior to ventilation could prevent this exacerbation.
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7.2 Experimental design
7.2.1 LPS dose and administration
LPS injury was initiated as previously described. I reduced the dose of LPS to 25µg per
mouse because I again began a new batch of LPS and were cautious about the potential for
batch variability. I also expected ventilation to exacerbate the condition, therefore did not
want animals to be so injured that they were unable to tolerate a second, surgical
anaesthetic. In brief, animals were anaesthetised using 3% isoflurane and given 25µg in 50µl
saline, in two 25µl intranasal doses. Mice were observed to ensure the full dose was
inhaled.

7.2.2 Post anaesthetic monitoring and support
500µl saline was given subcutaneously spread over two sites while under anaesthetic to
avoid dehydration. Mice were then monitored until conscious and returned to their cage
with free access to food and water. They were weighed daily, and given a second 500µl
subcutaneous saline bolus at 24 hours.

7.2.3 Instrumentation and second ventilation “hit”
At 48 hours, some of the mice were anaesthetised with xylazine and ketamine, and placed
in an enriched oxygen environment while they lost consciousness. They were then intubated
as previously described, and an intra‐peritoneal line was placed to allow repeat doses of
anaesthetic to be given without repeated injection. The left carotid artery was then
catheterised to allow monitoring of blood pressure, administration of systemic fluids, and
arterial blood sampling. A recruitment manoeuvre was performed, and the gas flow
adjusted to ensure each animal was receiving 8mls/kg tidal volume. A protective PEEP of
5cm/H2O was used for these experiments, although this was lowered slightly if the
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individual mouse was unable to maintain its blood pressure due to the decreased venous
return associated with high PEEP.
At this point, 100µg of TNFR1 dAb or dummy Ab was administrated in 50µl saline, directly
down the ET tube into the lungs. A series of 4 recruitment manoeuvres was then performed
to ensure that no residual fluid was left in the ET tube. The tidal volume was then gradually
increased to 20mls/kg for those mice on the high stretch protocol. A final recruitment
manoeuvre was performed, and this was considered to be the start of the 3‐hour ventilation
protocol. Although for humans, 20 ml/kg would be considered a very high tidal volume, for
mice 20 ml/kg is well tolerated and is considered a “medium stretch” tidal volume.

For comparison, some animals were terminated at 48 hours after LPS without ventilation,
while others were ventilated with the 20/ml/kg strategy without prior LPS induced injury.

7.2.4 Monitoring during the ventilation period
Blood pressure was continuously monitored throughout the experiment, and was used as an
aid to gauge anaesthetic depth. Top up doses of xylazine and ketamine were given every 20‐
25 minutes, or if indicated by blood pressure increase. Recruitment manoeuvres were
performed every 15 minutes. Immediately prior to each recruitment manoeuvre, the end‐
inspiratory occlusion technique was used, to allow for measurements of respiratory
mechanics [287]. The arterial line was used to take blood samples for gas analysis at 15
minutes, 2 hours and either at 3 hours or at the end of the experiment if this came first.
After each blood sample was taken, 200µl saline was given slowly using the arterial line to
prevent hypovolaemia. The mice on the high stretch protocols were ventilated with 100%
O2 until the first blood sample was taken. At this point, if the arterial pH was above 7.4 and
the mouse was hypocapnic, the mouse was switched to a mixture of 99% O2, 1% CO2. The
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blood gases were assessed again at the 2h time point, and adjusted back to 100% O2 if the
arterial pH dropped below 7.3.

7.2.5 Termination of the experiment
After 3 hours, or at the point the mouse met the end point criteria, both carotid arteries
were cut to exsanguinate the mouse. End point criteria were defined as as hemodynamic
instability, indicated by a blood pressure below 40mmHg that could not be restored by
lowering the PEEP or administration of fluids. BAL was performed as soon as post mortem
muscle contractions had ceased, and BAL samples were placed on ice.

7.2.6 Sample processing
BAL samples were spun down as previously described. Fluid was taken for cytokine and
protein analysis, and frozen in aliquots at ‐20°C. Cells were resuspended in saline and kept
on ice, before being analysed by flow cytometry. Whole lung was processed, fixed and
stained as previously described.

7.2.7 Analysis of BAL samples
BAL samples were analysed for BAL protein using the Bradford protein assay described
previously. The cytokine concentration was determined using the same cytometric bead
array, used in chapter 5. ELISAs were performed to check the concentration of proteins of
interest that were not covered in the bead array.
Group Name
Untreated controls
Ventilated controls
LPS
LPS/Dummy + 8mls/kg
LPS/Dummy + 20mls/kg

LPS/dAb + 20mls/kg

Treatment
None
NaCl vehicle control (50µl) + 20mls/kg ventilation
25µg LPS
25µg LPS intranasally, 48h later 100µg dummy antibody
(50µl) followed immediately by 3h ventilation at 8mls/kg
25µg LPS intranasally, 48h later 100µg dummy antibody
(50µl) followed immediately by 3h ventilation at
20mls/kg
25µg LPS intranasally, 48h later 100µg TNFR1 dAb (50µl)
followed immediately by 3h ventilation at 20mls/kg

7.2.8 Groups
In total, I produced 6 different experimental groups:
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7.2.9 Bone marrow derived macrophage (BMDM) generation
BMDMs were generated as described in the materials and methods section 2.4.1. Once
generated they were counted using a haemocytometer, resuspended in high glucose DMEM
without phenol red and supplemented with 10% FCS and 100U/ml Penecillin/Streptomycin,
and plated at a density of 5x105/ml in 24‐well plates. Cells were then split into groups that
were either treated in one of three ways:


TNFR1 dAb alone



Cytomix alone (consisting of 10ng/ml TNF, 10ng/ml IL1β and 100U/ml IFNγ)



TNFR1 dAb + cytomix

Cells were stimulated for 24 hours, and the nitric oxide concentration in the supernatants
was immediately determined using the Griess assay.

7.2.10 Griess assay
At 24 hours, supernatants were taken.The Griess assay measures nitrite, a metabolite of
nitric oxide (NO), giving a strong indication of the levels of NO. Fresh samples were used as
preliminary experiments showed that freezing adversely affected nitrite levels in the
sample. 100µl cell supernatants were added to a flat bottomed 96‐well plate, and 100µl
Griess reagent was added to each sample. A known concentration of nitrite was used to
generate a serial dilution, allowing the construction of a standard curve. The reaction was
allowed to continue for five minutes, then the plate was analysed using a colourimetric
approach.

7.2.11 Flow cytometry
The 24 well, plate containing the remaining cells was then placed on ice, and 100µl ice cold
PBS containing ef‐780 viability dye was added. This enabled us to distinguish the viability of
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cells before cell scraping, which can complicate cell viability findings. After 5 minutes the
viability dye was washed away using 1ml ice cold PBS, and a further 500µl PBS was added to
each well. Cells were gently scraped using a 1ml pipette tip and pipetted up and down to
help break down any clumps. Cells were then centrifuged, fixed and stained as previously
described. They were then analysed via flow cytometry as shown in 2.4.3.
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7.3 Results
Physiological effects of TNFR1 inhibition in the two‐hit model
7.3.1 Survival
Survival of mice over the course of the ventilation

Figure 7.1: Mice were given 50µg LPS intranasally under isoflurane anaesthesia. They were then left to recover in a clean cage
and monitored closely. After 48 h mice were anaesthetised with ketamine/xylazine, as previously described. They were then
instrumented, given 100 µg dummy/TNFR1 dAb, then ventilated for 3 hours either at 8 mls/kg or 20 ml/kg. Mice were then
sacrificed by exsanguination. BAL was then performed as described in the materials and methods section. Survival was
measured as time until death, or until end point criteria were met. n=7‐8 per group.

The most important measure of a drug’s success in ARDS is whether it conveys a survival
benefit to the patient. Figure 7.1 shows that in the ventilation without LPS treatment and
low stretch ventilation groups there was 100% survival to the three‐hour time period,
however, in the LPS/Dummy +20mls/kg group, 50% of mice met the endpoint criteria before
the end of the experiment. Mice were given systemic iv fluids throughout the ventilation to
compensate for any fluid lost. While P value did not reach significance (P=0.11), the results
were very promising, with only 14% of dAb treated mice failing to reach the three‐hour time
point. To explain these findings I examined the physiological parameters of injury in these
animals. All statistics presented were one way anova where all groups were included in the
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anova. For ease of presentation sometimes groups are presented in different graphs,
however, statistics were calculated on the whole data set.

7.3.2 Barrier permeability
BAL protein of mice after 3 hours of ventilation

Figure 7.2: Mice were given 50µg LPS intranasally under isoflurane anaesthesia. They were then left to recover in a clean cage
and monitored closely. After 48 h mice were anaesthetised with ketamine/xylazine, as previously described. They were then
instrumented, given 100 µg dummy/TNFR1 dAb, then ventilated for 3 hours either at 8 mls/kg or 20 ml/kg. Mice were then
sacrificed by exsanguination. BAL was then performed as described in the materials and methods section. BAL protein as
measured by the Bradford protein assay. A one‐way anova followed by Tukey’s multiple comparison tests was carried out.
Significant differences were demonstrated as shown, ****P<0.0001,**p< 0.01 *P<0.05. Error bars represent the SD, n=4‐7 per
group.

In the two‐hit model of disease, Figure 7.2 shows how multiple different injurious agents
have a compounding effect in terms of the degree of injury present. Separately, both
20ml/kg ‘high stretch’ ventilation and LPS with no ventilation caused a small but non‐
significant increase in BAL protein levels, compared to non‐ventilated control animals.
Ventilation at a low tidal volume had little effect on BAL protein compared with LPS alone or
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ventilated controls. By contrast, the 20mls/kg tidal volume in LPS pre‐treated mice caused a
significant increase in BAL protein compared with both the dummy Ab treated low tidal
volume animals, and the animals that were ventilated at 20mls/kg without LPS pre‐
treatment. These data show that while the two stimuli, ventilation and LPS, do not cause
severe injury separately, they do have a compounding effect leading to a much more severe
injury when combined. Administration of the TNFR1 dAb prior to ventilation at 20 ml/kg
significantly reduces the BAL protein (P=0.0057) compared with the dummy antibody,
demonstrating its ability to protect the alveolar capillary barrier.
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7.3.3 Elastance
Elastance change from baseline
A

B

*

Figure 7.3: Elastance was measured as a % change from a baseline reading taken 15 minutes after administration of the TNFR1 dAb or the
dummy antibody. Mice were instrumented and ventilated at 8mls/kg while an arterial line was inserted, then were given 100µg dAb or dummy
antibody. Tidal volume was increased to 20mls/kg and four recruitment manoeuvres were performed to ensure no liquid remained in the ET
tube. A) Error bars represent the range. Statistics used a one way anova including all ventilated groups, and Tukey’s multiple comparison tests.
B) Shows the full time course for the LPS/dAb +20mls/kg and LPS/dummy +20mls/kg groups. Measurements for analysis of respiratory
mechanics were taken at 15 minute intervals. These were analysed by two way anova, error bars represent the SD, interaction *P<0.05.

Figure 7.3 A shows that the low stretch ventilation in LPS injured mice (LPS/dummy
+8mls/kg), or high stretch ventilation in the absence of pre‐existing LPS injury (ventilated
controls) results in a slight decrease in elastance over the time course of the experiment,
and Figure 7.1 shows that the survival in both of these groups was 100%. This decrease in
elastance between the start and finish of the experiment was probably a result of fluid
absorbance of the intra‐tracheal fluid administered. These data fit with the data showing
only a minor increase in BAL protein in these mice (Figure 7.2).
While the 20ml/kg ‘high stretch’ ventilation protocol did not cause significant injury in
healthy mice, the two groups that received both the 20ml/kg ventilation and the LPS both
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experienced significantly increased elastance over the same time period. There was no
significant difference between the LPS/dummy +20mls and LPS/dAb + 20mls groups when
looking at the end point of the experiment, however Figure 7.1 shows that the ventilation
time period was different between the two groups, with more of the LPS/dAb + 20mls
animals being ventilated for the full 3 hours, compared with only half of the LPS/dummy
+20mls mice. To investigate whether there are differences in the response to ventilation
between the two groups, I compared the elastance measurements in these two groups
across the time course (Figure 7.3B). Values are given at every time point where there was a
full data set available, then the final value represent the last reading that was taken before
mice met the end point criteria, or the 3‐hour time point was reached.
Figure 7.3B shows that although elastance does increase gradually over time in the TNFR1
dAb treated group, the increase is slower and less pronounced than the dummy treated
group. This is likely to be due to the reduction in alveolar capillary barrier breakdown
previously described in Figure 7.2, and subsequent reduction in pulmonary oedema. The
other possible causes of increased elastance are fibrosis, which would not occur on this time
scale, or increased abdominal pressure, which is also not likely. The abdominal cavity was
opened after death of the mouse to confirm that there was no significant ascites or any
other reason for abdominal pressure to be elevated, thus I concluded that the decrease in
barrier permeability was responsible for the observed protection. It was encouraging that
the physiological results in these animals indicate that the TNFR1 dAb afforded significant
protection across multiple parameters, despite the fact that the animals were already
substantially injured before receiving the antibody.
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These data show how the respiratory mechanics worsened slowly in the initial stages of the
ventilation, but progressed more rapidly the later stages. This is a typical pattern for VILI. As
more of the alveoli walls are destroyed by mechanical stretch, and others filled with fluid,
the remaining areas are put under greater pressure resulting in rapid progression of injury.
Figure 7.3A clearly shows that higher stretch ventilation in healthy animals, or lower stretch
in LPS treated animals, does not cause worsening of injury. Higher stretch ventilation in LPS
treated animals, however, massively exacerbates previous lung injury leading to increased
lung elastance, and eventually death.
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7.3.4 Arterial oxygenation
PaO2:FiO2 of mice over the 3‐hour ventilation period
B
A

*
Figure 7.4: Mice were given 50µg LPS intranasally under isoflurane anaesthesia. They were then left to recover in a clean cage and monitored
closely. After 48 h mice were anaesthetised with ketamine/xylazine, as previously described. They were then instrumented, given 100 µg
dummy/TNFR1 dAb, then ventilated for 3 hours either at 8 mls/kg or 20 ml/kg. Mice were then sacrificed by exsanguination. BAL was then
performed as described in the materials and methods section. A) Arterial PaO2 was measures at the end point of the experiment as previously
described. One way anova compared all groups, and Tukey’s multiple comparisons tests were carried out. ****P<0.0001, *P<0.05. Error bars
represent the range. B) PaO2 measurements at baseline, 120 minutes and the end point of the experiment are shown. Two way anova analysis
demonstrated a significant difference in response between the TNFR1 dAb treated group and the dummy antibody treated group (*P<0.022).
Error bars represent the SD.

ARDS is defined according to the Berlin definition as a decrease in arterial oxygenation
below 300mmHg when ventilated with 100% O2, with bilateral pulmonary infiltrates
indicative of pulmonary oedema, not fully explained by cardiac failure or fluid overload. In
Figure 7.2 I demonstrate the presence of pulmonary oedema and above, in Figure 7.4B, I
show that all LPS‐pretreated animals have a baseline oxygenation that generally lies
between 200 and 300mmHg. This shows that these animals meet two of the main Berlin
criteria for ARDS at the time of drug administration, before the ventilation period.
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Ventilated control have normal arterial oxygen levels throughout the ventilation period,
again indicating that the ventilation protocol is not injurious in healthy animals. The
LPS/Dummy + 8mls/kg group starts the experiment with reduced O2, however, low stretch
ventilation maintains this level of oxygenation and there is no decline over the ventilation
period. In contrast, ventilation at 20mls/kg causes a drop in oxygenation in both the
LPS/dummy +20mls and LPS/dAb +20mls groups. Although there is still a drop in PaO2, a
single dose of the TNFR dAb can again by partly reverse this, shown by both the end‐point
(7.4A) and time course data (7.4B). The fact that I can reduce the rapid decrease in
oxygenation that occurs in the dummy antibody treated group by TNFR1 blockade strongly
supports this as a therapeutic strategy in the clinic.
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Effects of the TNFR1 dAb on inflammation in the 2‐hit model
7.3.5 Neutrophils
Number of neutrophils in the lungs of untreated and ventilated mice

A

B

Figure 7.5: Mice were given 50µg LPS intranasally under isoflurane anaesthesia. They were then left to recover in a clean cage and
monitored closely. After 48 h mice were anaesthetised with ketamine/xylazine, as previously described. They were then instrumented, given
100 µg dummy/TNFR1 dAb, then ventilated for 3 hours either at 8 mls/kg or 20 ml/kg. Mice were then sacrificed by exsanguination. BAL
was then performed as described in the materials and methods section. Neutrophil number in lung (A) and BAL fluid (B) of untreated control
mice were measured by flow cytometry. Error bars represent the SD, n=3‐4 per group.

Ventilation alone at 20mls/kg caused a slight increase in the number of neutrophils in the
lung and the BAL, however this increase was very small in comparison to the number of
neutrophils present after LPS treatment. In Figure 7.5, for example, the mean lung
neutrophil number in ventilated controls was 533677, whereas in LPS treated mice this rose
to just over 20,000,000 (Figure 7.6). For ease of viewing the non‐LPS treated groups are
presented separately, as the difference in magnitude of the neutrophil response between
the LPS treated and non LPS treated groups means that the scale of the graph would make
interpretation difficult.
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Number of neutrophils in the lungs of LPS treated mice after ventilation
A

B

Figure 7.6: Mice were given 50µg LPS intranasally under isoflurane anaesthesia. They were then left to recover in a clean cage and
monitored closely. After 48 h mice were anaesthetised with ketamine/xylazine, as previously described. They were then
instrumented, given 100 µg dummy/TNFR1 dAb, then ventilated for 3 hours either at 8 mls/kg or 20 ml/kg. Mice were then sacrificed
by exsanguination. BAL was then performed as described in the materials and methods section. Neutrophil number in both the lung
(A) and BAL fluid (B) were measured by flow cytometry. Error bars represent the SD. n=6‐7 per group.

There was no significant difference in the number of neutrophils in the whole lung between
any of the LPS treated groups, regardless of ventilation strategy or antibody treatment. LPS
is an extremely strong trigger for neutrophil recruitment. The fact that further neutrophils
are not recruited during ventilation in LPS pre‐treated animals may suggest that all of the
available neutrophils may have already been recruited to the site of injury, therefore none
were available for recruitment in response to ventilation. While this is possible, it is also
possible that the chemokine production is so strongly induced by the LPS treatment that the
chemokine receptors on neutrophils are already maximally stimulated, therefore no
additional stimulation is possible.
Again, high stretch ventilation did not increase the neutrophil number in the BAL fluid
compared with the low stretch ventilation, or the unventilated LPS treated mice. The
neutrophil number was, however, lower in the dAb treated mice compared with all other
groups. The difference between the LPS/Dummy 20mls and LPS/dAb 20mls was not
statistically significant, but there was a trend (P=0.0929) towards lower BAL neutrophil
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numbers in the dAb treated group. This is interesting as it suggests that TNFR1 inhibition
may actually decrease the number of neutrophils in the BAL. This could be because it lowers
the concentration of neutrophil chemokines, or because it increases neutrophil cell death.
Unfortunately, due to technical issues it was not possible to test the levels of the major
mouse neutrophil chemokine KC in these samples.

7.3.6 Monocytes
Number of Ly6C+ monocytes after 3h ventilation

Figure 7.7: Mice were given 50µg LPS intranasally under isoflurane anaesthesia. They were then left to recover in a clean
cage and monitored closely. After 48 h mice were anaesthetised with ketamine/xylazine, as previously described. They
were then instrumented, given 100 µg dummy/TNFR1 dAb, then ventilated for 3 hours either at 8 mls/kg or 20 ml/kg. Mice
were then sacrificed by exsanguination. BAL was then performed as described in the materials and methods section, and
the lungs were extracted and processed for flow cytometry. Inflammatory monocyte number was measured. Error bars
represent the SD. n=6‐7 per group.

Monocyte numbers in the lung increased during both low and high stretch ventilation,
compared with LPS treated, non‐ventilated mice, however the difference was not
statistically significant (Figure 7.7). There was, however, a very strong trend towards an
increase in inflammatory monocyte number between the LPS treated group and the
LPS/dummy +20mls group (P=0.0528).
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This is different to the observation with neutrophils, where ventilation did not affect the
numbers present in the lung or BAL. Similarly to neutrophils however, treatment with TNFR1
blockade prevented the increase in monocytes seen in both ventilated groups. This is likely
to be due to decreased adhesion and recruitment of monocytes from the blood in response
to cytokine stimulus from inflammatory cells in the lung. The tendency for leukocyte
recruitment to be reduced may represent a decrease in cytokine levels, or a decrease in the
upregulation of adhesion molecules on the vascular endothelium such as ICAM1 or VCAM1.
To investigate this further, adhesion molecules on the vascular endothelium (ICAM1 and
VCAM) were examined in the LPS/dummy +20mls and LPS/dAb 20mls groups.
Endothelial ICAM1 and VCAM expression

Figure 7.8: Mice were given 50µg LPS intranasally under isoflurane anaesthesia. They were then left to recover in a clean cage and
monitored closely. After 48 h mice were anaesthetised with ketamine/xylazine, as previously described. They were then instrumented,
given 100 µg dummy/TNFR1 dAb, then ventilated for 3 hours either at 8 mls/kg or 20 ml/kg. Mice were then sacrificed by
exsanguination. BAL was then performed as described in the materials and methods section. ICAM and VCAM expression on vascular
endothelial cells was measured using flow cytometry. Vascular endothelial cells were isolated as discussed in the methods. Error bars
represent the SD, n=6‐7 mice per group.
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Figure 7.8 shows that levels of adhesion molecules on the vascular endothelium were no
different between the dummy high stretch and dAb high stretch groups. This suggests that
another mechanism is behind the reduction in cell numbers seen. To investigate whether
the difference could be due to reduced levels of chemokines, I performed cytometric bead
array assays to determine BAL concentration at a later stage.
While there are trends towards leukocyte numbers being affected by the TNFR1 dAb, it is
unlikely that the small differences seen are responsible for the much more significant
improvements in physiology. This was not surprising as the animals were already at the peak
of LPS induced ARDS, and had massive pre‐existing pulmonary inflammation as shown in
chapter 4. It seems more likely that the TNFR1 dAb is able to modify the response of pre‐
existing cells to the ventilation stimulus, and potentially reduce further biotrauma caused by
the ventilation in these pre‐injured animals.
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7.3.7 Alveolar Macrophages
The lungs of mice after the ventilation period in the two‐hit model, are challenging to
analyse. There is a massive amount of inflammation, some of which involves cells that have
been recruited and begun to differentiate over the previous 48 hours, and some which will
have been newly recruited or passed directly into the lung via haemorrhage. This means
that instead of having easily identifiable, distinct cell populations in the lung, there are many
partially differentiated cells that cause blurring of the populations. I developed a strict
gating strategy that I have described in detail in the materials and methods section, which I
was confident was able to distinguish resident alveolar macrophages from the other
monocyte populations. This enabled us to examine the activation and phenotype of alveolar
macrophages both before, and after ventilation.
CD11b expression on AMs under different ventilation conditions

Figure 7.9: Mice were given 50µg LPS intranasally under isoflurane anaesthesia. They were then left to recover in a clean cage and
monitored closely. After 48 h mice were anaesthetised with ketamine/xylazine, as previously described. They were then
instrumented, given 100 µg dummy/TNFR1 dAb, then ventilated for 3 hours either at 8 mls/kg or 20 ml/kg. Mice were then sacrificed
by exsanguination. BAL was then performed as described in the materials and methods section. Alveolar macrophages were isolated
using flow cytometry as shown in Chapter 3. The % of Alveolar macrophages that had upregulated CD11b was calculated. n=5‐7 per
group.
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As expected, Figure 7.9 shows there was no difference in the percentage of AMs that
upregulated CD11b between the groups. CD11b upregulation takes some time, as shown in
chapter 4, and by the time the ventilation started LPS treated mice already have a high
proportion of activated AMs. The ventilated controls, which did not receive LPS pre‐
treatment, did not upregulate CD11b throughout the ventilation period. After ascertaining
that there was no difference in the proportion of activated AMs between the LPS treated
groups, I moved on to look at the effects of the ventilation strategies on already highly
activated AMs. I hypothesised that the original LPS stimulus may “prime” these cells,
resulting in an exaggerated inflammatory response to ventilation. I also looked at CD11b‐
latent AMs, to investigate whether blockade of TNFR1 could prevent activation in response
to ventilation.
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Expression of ICAM 1 and NOS2 in latent and active alveolar macrophages after ventilation

Figure 7.10: AMs were divided into CD11b‐ “latent” AMs, and CD11b+ “primed” AMs as shown in the materials and methods section.
Levels of ICAM and NOS2 were measured by flow cytometry. Results from animals that were ventilated without receiving LPS are
indicated to highlight the difference in baseline phenotype caused by LPS treatment, but were not included in the multiple
comparisons. One way anova with Sidak’s multiple comparisons was carried out *P<0.05. Error bars represent the SD, n‐5‐7 per group.

The data in Figure 7.10 show that ‘high stretch’ ventilation resulted in significant
upregulation of both CD11b‐ AM ICAM and NOS2 in the LPS/dummy +20mls/kg group,
compared with those mice that just received LPS (p=0.0192 and p=0.0045 respectively).
Upregulation of both ICAM and NOS2 was completely prevented by a single dose of TNFR1
dAb. There was significantly less NOS2 in the CD11b‐ AMs in the LPS/dAb +20mls/kg group
compared with the LPS/dummy +20mls/kg group (p=0.0391). Similarly, ICAM levels in dAb
treated mice were significantly reduced compared with the dummy Ab treated animals at
the same 20mls/kg stretch (p=0.0247).
Ventilated control mice were not included in the CD11b+ AM group as there were virtually
none of these cells without LPS stimulation. The CD11b+ AMs in all LPS treated groups
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already had high levels of ICAM1, however there was still a non‐significant upregulation
with both low and high stretch ventilation, which was prevented by the TNFR1 dAb.
Similarly, ventilation caused an increase in NOS2 expression in CD11b+ AMs, which was
significantly reduced by TNFR1 inhibition (P=0.049).
These data together indicate that both “latent” CD11b‐ and “responding” CD11b+ AMs
upregulate the adhesion molecule ICAM1, and the enzyme responsible for pro‐inflammatory
nitric oxide production, in response to ventilation. The degree of upregulation seems to
increase with increased tidal volume. TNFR1 inhibition prevents this upregulation, indicating
that it is TNFR1 driven.
It is difficult to investigate the effect of TNFR1 inhibition on individual cell types in vivo,
particularly in pre‐injured animals, as there are so many confounding variables. It may be
considered somewhat counterintuitive that AM may be the target of TNFR1 inhibition –
after all AM are generally considered to be the producers of TNF, rather than responders.
On the other hand, data from chapter 4 showed that AM had high expression of TNFR1
which, unlike other cell types was maintained at 48 hours after LPS treatment.
In vivo however it is very difficult to prove that AMs were directly influenced by TNFR1
blockade, as opposed to some other secondary influence of the protection offered by the
treatment. To evaluate this I developed an in vitro model, using primary murine bone
marrow derived macrophages (BMDMs). We used BMDMs as a surrogate for AMs, as it isn’t
possible to extract large enough numbers of AMs to do big in vitro experiments without
using a lot of mice, and pooling the AMs extracted.
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Although they are different cells, BMDMs share many features with AMs. They are highly
phagocytic, and produce high levels of suppressive cytokines (such as IL‐10 and TGFβ), while
maintaining the capacity to polarise towards an M1 phenotype [416]. They also have an
important advantage over cell lines, in that they are primary cells and are not constitutively
active. This makes them a more useful tool to investigate cellular activation and
polarisation.

7.3.8 Effect of TNFR1 blockade on cytomix stimulated BMDMs

In Figure 7.11 I showed that TNFR1 inhibition resulted in differences in the expression of
NOS2 and ICAM1 in AMs. To investigate this further, I stimulated naïve BMDMs in culture
with an inflammatory cytokine cocktail, consisting of 10ng/ml IL1β, 10ng/ml TNF and
100U/ml IFNγ.
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BMDM nitric oxide and ICAM1 expression after cytomix stimulation

Figure 7.11: Mice were given 50µg LPS intranasally under isoflurane anaesthesia. They were then left to recover in a clean
cage and monitored closely. After 48 h mice were anaesthetised with ketamine/xylazine, as previously described. They were
then instrumented, given 100 µg dummy/TNFR1 dAb, then ventilated for 3 hours either at 8 mls/kg or 20 ml/kg. Mice were
then sacrificed by exsanguination. BAL was then performed as described in the materials and methods section. Alveolar
macrophage expression of ICAM1 was measured by flow cytometry, NO was measured by the Griess assay as previously
described. N=4 per group. Repeated measures one way anovas, followed by Tukey’s multiple comparisons tests were carried
out. **P<0.01, ***P<0.001, ***P<0.0001.

In Figure 7.11 I show that stimulation of macrophages using cytomix caused an increase in
NO in the supernatant, indicative of differentiation towards a classically activated M1
macrophage phenotype. This was completely ameliorated by TNFR1 inhibition. NOS2 is
constitutively active therefore, provided its substrate is not rate limiting, its activity
correlates with its expression. It is possible that TNFR1 blockade is sufficient to prevent the
synthesis of NOS2, indicating cellular changes on a transcriptional level.
Cytomix treatment also caused a massive upregulation of ICAM‐1, which was significantly
reduced in the treated cells.
The in vitro data presented in Figure 7.11, alongside the data in Figure 7.10 suggest that
TNFR1 blockade may be able to alter the polarisation of macrophages after stimulation with
inflammatory cytokines. To investigate whether this apparent difference in markers of m1
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macrophage polarisation have functional consequences in terms of macrophage cytokine
secretion, a cytometric bead array was performed to look at BAL cytokine levels.
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7.3.9 BAL cytokine levels in the two‐hit model
Cytokine levels in the BAL of dummy and TNFR1 dAb treated mice ventilated at 8ml/kg or at
20ml/kg

Figure 7.12: Mice were given 50µg LPS intranasally under isoflurane anaesthesia. They were then left to recover in a clean cage and monitored
closely. After 48 h mice were anaesthetised with ketamine/xylazine, as previously described. They were then instrumented, given 100 µg
dummy/TNFR1 dAb, then ventilated for 3 hours either at 8 mls/kg or 20 ml/kg. Mice were then sacrificed by exsanguination. BAL was then
performed as described in the materials and methods section. BAL cytokine levels were measured by cytometric bead array. N=5‐7 per group,
error bars represent the SD.

While AMs are not the sole producers of cytokines in the lung, they are certainly important
producers, therefore BAL cytokine levels can give valuable information about AMs present.
When I looked at the cytokines present in the BAL fluid there was no significant difference
between the three groups for any cytokine studied. In Chapter 4, Figure 4.9 I showed that by
48 hours the mean BAL TNF level was 125pg/ml, whereas Figure 7.12 shows that in the
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LPS/dummy +20mls/kg group, this increased to 323.9pg/ml. This suggests that the
ventilation hit causes a secondary release of TNF into the BAL fluid.
There appears to be increased levels of TNF in the TNFR1 dAb treated animals, which may
indicate that blockade of this receptor leads to an over‐production of the cytokine due to
some kind of lack of negative feedback via TNFR1 signalling.
Although one would expect this to be potentially deleterious, the physiological data suggest
this is not the case. As TNFR1 signalling is blocked, the excess TNF will not be able to
stimulate R1 signalling cascades, and the increase concentration may actually lead to further
TNFR2 signalling. TNFR2 signalling has been shown to be protective in ARDS, therefore
increased TNFR2 signalling is a potential mechanism underpinning the protection seen
[265]. Unfortunately it is not possible to check whether there is an increase in TNFR2
signalling, as there are no known bio‐markers for TNFR2 activation. I investigate this
problem further in the next chapter.
I intended to do further analysis of the BAL samples, looking for MMP activation, KC
concentration, and other cytokines and chemokines. Unfortunately, there was a mechanical
failure of the freezer that occurred over a bank holiday weekend, which resulted in the
samples defrosting for a number of days. I could therefore not complete the analysis as I
hoped.

235 | P a g e

7.4 Discussion
Previously in our laboratory we have shown that pre‐treatment using the TNFR1 dAb is able
to ameliorate ventilator and acid induced injury, when given before the onset of injury,
however the models previously described did not look at the effects of TNFR1 inhibition on
the injured lung [175, 363].
Single‐hit models are extremely useful for investigating the effects of blocking certain
pathways on a specific aspect of ARDS, such as protein leak or inflammation, however the
development of ARDS in human patients is more complex and rarely has one initiating
factor. The lack of models that replicate the human ARDS condition has hindered the
successful translation of therapies to the clinic. Two‐hit models allow for the priming of the
immune system, resulting in an excessive immune response to further stimuli [417]. They
are gaining traction due to their superior ability to replicate co‐morbidities that are likely to
be present in ARDS patients. Their use has been promoted by the National Heart, Lung and
Blood institute, due to their suspected ability to more accurately replicate the human
condition [418].
Innovation is also occurring in the field of drug delivery. The intra‐pulmonary delivery of
drugs is a field that is rapidly expanding, however, complications due to pulmonary
inflammation have not been investigated to date. By the time a person requires mechanical
ventilation, it is likely that their lungs will be extremely inflamed, with extensive pulmonary
oedema and areas of consolidation. Increased BAL protein may result in drugs binding to
albumin in the BAL fluid and being unable to reach their targets. Equally, cell debris and
consolidation may also prevent drugs from reaching their site of action. In particular, drugs
aimed at modifying the immune response are likely to function differently under conditions
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of intense inflammation. Most immune modulatory drugs target a specific cytokine or
receptor, however, the populations of cells in the injured lung are very different to those
present in the uninjured lung, and the activation status of those cells is also likely to be very
different due to the difference in cell environment. Pathways that are important in the
initiation of injury, may become less important as the injury progresses. Similarly, receptors
that are present at one time point, may not be present or may have a different role at later
stages of injury.
Therapeutic interventions that show benefit when given before the onset of injury, may
therefore be ineffective once the injury is established, as the cells and pathways they target
change. Intra‐alveolar administration of drugs is a promising therapeutic strategy; however,
it was not known whether pulmonary delivery of drugs would be effective in inflamed lungs.
Drugs are usually cleared from the lungs by a combination of enzymatic degradation by the
cytochrome P450 family of enzymes [419], alveolar macrophage clearance and rapid
systemic absorption [420]. Under inflammatory conditions, protease enzymes are released
by immune cells, which may result in increased drug degradation, however the practical
implications for this are unclear [102]. I have also shown that AMs change in response to
LPS, adopting a more pro‐inflammatory phenotype. The effects of AM phenotypic alteration
on drug clearance is also not known. These unanswered questions are likely to lie at the
heart of the failure of drugs to transition from pre‐clinical trials to the clinic.
Pneumonia and sepsis (often concurrent) are major causes of ARDS in man [421]. The LPS
model is designed to mimic these conditions. In the hospital setting, patients showing signs
of ARDS are moved to intensive care for ventilator support until they are able to maintain
oxygenation for themselves. To replicate this scenario, I began by causing an ARDS like
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injury using LPS, and then waited until the mice were at the peak of injury, which I have
previously shown occurred around 48 hours after administration. While other groups have
looked at LPS given by various routes, followed by ventilation, previous studies have not
looked at ventilation at time points later than 24 hours [414, 415, 422]. In chapter 4 I
showed that the peak of injury occurs later than this, with hypoxia only being evident by 48
hours, therefore I believe that this model better replicates the clinical scenario.
I demonstrate throughout this chapter that the second ventilation hit with a moderate
stretch ventilation (20mls/kg), which does not cause significant injury in healthy animals
[423], results in catastrophic lung injury in mice at the peak of LPS injury, with 50% of
animals reaching end point criteria before the end of the 3 hour ventilation. A potential
mechanism for this has been proposed in Figure 7.13.
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Hypothesised mechanism explaining the difference in response to ventilation between
healthy and LPS injured animals.

Figure 7.13 1. In the normal healthy alveolus, there is no oedema, there are few neutrophils, and the AMs are in a latent inactive state. After LPS
treatment (2) I’ve shown that the alveolus is a very different environment (3), with clinically relevant levels of oedema, intense neutrophilia, high
numbers of monocytes, and activated AMs. When the injured alveolus is ventilated (4), AMs release high levels of TNF (and other inflammatory
cytokines), which has previously been shown to cause cell death via caspase 8 activation. I hypothesise that blockade of TNFR1 inhibits the
response to the high levels of TNF released from activated AMs, and therefore protects from VILI.
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It was very encouraging that, despite the theoretical limitations, a single dose of
intrapulmonary dAb was able to protect mice from the deterioration seen during the
ventilation hit. The TNFR1 dAb intervention occurred immediately prior to the ventilation
stage, which would be possible to replicate in a clinical scenario. This is a big advantage over
previous models that have required dosing prior to the initiation of disease.
While I have showed that the TNFR1 dAb is able to protect mice from the physiological
effects of lung injury, the reasons underpinning this protection are not clear. As the
ventilation occurs during the peak of lung injury, it is not surprising that the absolute
number of neutrophils in the lung doesn’t change with the dAb administration. What I did
see was a trend towards lower neutrophil and inflammatory monocyte numbers after dAb
treatment. The reasons for this are not clear. It is unlikely to be simply due to protection of
the alveolar capillary barrier, because the number of neutrophils in the low stretch
ventilation and LPS only groups was also higher than the dAb treated group. Another
possibility was that neutrophil recruitment to the alveolar space from the pulmonary
vasculature was hindered by the TNFR1 dAb, via its effects on alveolar macrophages. It is
known that AMs play a large role in the recruitment of neutrophils, via the secretion of
cytokines and chemokines such as KC (IL‐8 in man) and MCP‐1 [347]. I did not demonstrate a
difference in MCP‐1, and were not able to look for further cytokines due to a mechanical
failure resulting in the samples defrosting for an unknown amount of time. This was very
frustrating and future work will look at obtaining more samples and look at this question
again.
Throughout this thesis, I have been interested in alveolar macrophage biology, as these cells
have been shown to be crucial for so many different processes in the lung, from the
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initiation of inflammation to repair and resolution. AMs have been shown to play an
important role in VILI in healthy animals [406, 424], therefore I hypothesised that they may
also be playing an important role in this model.
It would be interesting to look at the patrolling and inflammatory monocyte populations in
addition to the alveolar macrophages, as they are likely to also be exerting important
effects, but it was not possible to thoroughly investigate each cell type. Different Ly6C+
inflammatory monocyte populations were extremely challenging to identify reliably,
therefore more work needs to be done before confident identification of subtypes can be
carried out. Because of this, I have focussed on the cell types that I was able to confidently
identify, but acknowledge that this is unlikely to provide the full story.
In this chapter, I have shown that TNFR1 blockade alters the response of both “primed”
CD11b+ AMs, and “latent” CD11b‐ AMs to the ventilation stimulus. ICAM1 upregulation in
particular was strongly inhibited by inhibition of TNFR1. Previously it was shown that ICAM‐
1 upregulation during ventilation was inhibited by TNFR1 blockade, however this was in a
pure ventilation model without prior activation by LPS [175].
Both in vivo and in vitro ICAM1 has been used as a marker of macrophage activation,
therefore, the reduction of ICAM1 upregulation may represent a decrease in overall
macrophage activation [401, 425]. ICAM1 has also been shown to be a marker of M1
macrophage polarisation, and its upregulation has been shown to be largely TNF dependent
[377, 426].
Functionally, ICAM‐1 has been shown to have important roles in the aggregation and
adhesion of alveolar macrophages in response to TNF and IFNγ stimulation [401]. ICAM1
mediates the interaction between extravasating leukocytes and the vascular endothelium
241 | P a g e

[427]. In macrophages, surface ICAM1 mediates the process of antigen presentation, as well
as interaction with other cell types that express lymphocyte function‐associated antigen 1
(LFA1) such as T‐cells and B‐cells [428]. ICAM1 has been shown to reduce efferocytosis, a
key event in the switching of macrophages from a pro‐inflammatory to anti‐inflammatory
phenotype [429]. Reduction of ICAM may therefore lead to a reduction in the polarisation
of macrophages towards the M1 phenotype.
In this way, ICAM1 on macrophages plays an important role in the coordination of the
adaptive immune response. It is not clear whether the reduction in ICAM1 upregulation is
protective in itself, or whether it is a result of a decrease in overall macrophage activation.
In vivo experiments using ICAM1‐/‐ animals, or pharmacological ICAM1 inhibition may help
to clarify this further. The fact that the TNFR1 dAb strongly inhibits this marker may result in
the AMs being more able to efferocytose dying cells, pushing them towards a more
regulatory phenotype. This could lead to lower levels of overall inflammation.
This theory is supported by the fact that the TNFR1 dAb also prevents the upregulation of
the M1 specific NOS2 enzyme, and in vitro TNFR1 inhibition entirely abrogated NO
production after stimulation with cytomix. A study by Farley et al in mice, using sepsis
induced ARDS by caecal ligation and puncture, showed that NOS2‐/‐ mice exhibited no
protein leak into the alveolar space after 4 hours, compared with NOS2+/+ mice that had
significant protein leak. Alveolar macrophage depletion followed by reconstitution with
NOS2‐/‐ alveolar macrophages failed to restore the protein leak in both genotypes of mice,
whereas reconstitution with NOS2+/+ alveolar macrophages fully restored the protein leak
in both NOS2+/+ and NOS2 ‐/‐ animals. This shows that the barrier dysfunction in this model
was entirely dependent on having NOS2+/+ alveolar macrophages [430]. Although NOS2 has
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been shown to be deleterious in the acute stages of LPS induced ARDS [431], it is also critical
for the resolution of lung injury [432].
Interestingly, Shellito et al showed that intratracheal LPS doesn’t cause macrophages to
release nitric oxide, however, it does cause the upregulation of NOS2, and primes AMs to
release of large amounts of nitric oxide upon further cytokine stimulation, especially with
TNF and IFNγ [433]. We have previously demonstrated upregulation of pro‐inflammatory
cytokines during primary VILI, and in Figure 7.12 I confirm this is also the case in this two hit
model [411].
It therefore seems likely that inhibition of TNFR1 in this model may be able to prevent this
secondary release of nitric oxide from primed AMs, offering a potential mechanism for the
physiological protection seen. It would be very interesting to look at the nitrate
concentration in the BAL fluid of these animals, however this was not possible as the
samples were lost.
Although we can see that the TNFR1 dAb does seem to have an effect on the macrophage
activation and polarisation in this model, I do not know whether this is causing the reduced
physiological injury, or if both are the result of a different unknown process. It is difficult to
isolate the effects of the TNFR1 dAb at a cellular level in such a complex system, therefore I
developed an in vitro system to see whether TNFR1 inhibition can influence the response of
macrophages to inflammatory stimuli in isolation.
The fact that the cytokines I measured in BAL fluid (all of which can be secreted from
macrophages) were not reduced suggests that if AM function is indeed an important target
of TNFR1 inhibition, it is via some other mechanism. Further experiments would be
required to explore this further, but could not be completed within this study.
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Chapter 8: Investigation of TNFR2 specific
pathways in murine macrophages

8.1 Introduction
Although TNFR1 signalling is very well characterised and understood, the mechanism and
functional consequences of TNFR2 signalling remain unclear. In chapter 5 I have shown that
TNFR2‐/‐ mice are extremely sensitive to intranasal LPS. I hypothesised that differences in
macrophage responses to LPS may be a possible reason for the differences between
genotypes, as they are the first immune cells in the lungs in contact with the LPS, and are
known to express TLR4 [434]. Preliminary data shown in Figure 5.12 showed differences in
the levels of multiple cytokines between TNFR2‐/‐ animals and wild type animals. As
macrophages are major modulators of cytokine mediated inflammation in the lung [376]
and throughout the body, it was decided to investigate the role of TNFR2 signalling in this
cell type.
It was therefore decided to perform a genome wide, deep sequencing technique on primary
bone marrow derived macrophages (BMDMs) from TNFR1 and TNFR2 knockout animals.
While primary alveolar macrophages would have been ideal, it wasn’t possible to extract the
numbers needed for the experiments I had planned, therefore I decided to use a
compromise of BMDMs.
In recent years RNA sequencing has emerged as the gold standard technology for the
simultaneous measurement of transcript sequences, and their abundance. RNA‐seq allows
the study of phenomena that are beyond the reach of older techniques such as microarray
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or sanger sequencing, including allele specific expression [435] and the identification of
transcribed regions that were previously uncharacterised [436, 437].
RNA sequencing (RNA‐Seq) involves the use of sequencing platforms to produce libraries
containing millions of short cDNA sequences, which are then read by a machine and
mapped to a reference genome. The use of RNA‐seq as a novel approach to transcriptome
profiling first appeared in the literature in 2008, with three articles published over the spring
and summer [438‐440]. Mortazavi et al introduced the concept of “reads per million per
kilobase” (RPKM), demonstrating the ability of RNA‐Seq to provide quantitative data about
the transcriptome in a way that previous techniques were unable to replicate.
The transcriptome is the sum total of all RNA molecules expressed within a cell. RNA‐seq
allows for unbiased analysis of the transcriptome as: it doesn’t require the user to select
probes based on expected findings, there is single base pair resolution, an extremely
dynamic detection range (>8000 fold), and it has low background signals [441].
In addition to its usefulness as a tool for the quantitative analysis of RNA, one of the main
advantages of RNA‐seq is its ability to identify novel transcripts, including long non‐coding
RNA, miRNA, siRNA and other small RNA molecules. In addition to gene expression, RNA‐seq
also allows the identification of alternative splicing [442], allele specific expression [443],
gene fusion events [444] and genetic variation. Although this technology is extremely
promising, there are still problems concerning standards for data analysis. There is no
agreed method for analysing RNA‐seq data, therefore experimental and methodological
biases are often reported [445]. During this chapter I describe different tools available for
RNA‐seq data analysis, and use multiple techniques to try and clarify the biological pathways
affected by TNFR2 signalling.
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8.2 RNA Sequencing experimental design
8.2.1 Aims
In collaboration with the Fibrosis Discovery Performane Unit (DPU) at GSK R&D site in
Stevenage, an experiment was designed to clarify the role of TNFR2 signalling in
macrophages. The aims were:


To investigate the ways in which TNFR2 signalling interacts with TNFR1 signalling



To isolate TNFR2 specific pathways and potential biomarkers

8.2.2 Group size, composition and sample selection
This experiment was designed to be a pilot study, to inform the design of a larger study in
the future. It was decided to use three genotypes of mice: wild types, TNFR1 ‐/‐ and TNFR2 ‐
/‐. I also used mixed sex, two males and two females. This was to ascertain whether there
are sex differences that affect macrophage TNF responses in vitro. This was useful to know
because being able to use both males and females significantly shortens waiting times on
mouse orders. In total 4 mice from each genotype were ordered, two males and two
females.
With regards to the RNA sequencing itself, various decisions had to be made. Firstly, the
number of technical replicates had to be decided. As RNA‐seq is very expensive to perform,
it was not practical to do a replicate of every sample. After consultations with the
bioinformatics team, it was decided that replicates of 12 samples would be used. These
included an equal mixture of genotypes, sexes, and stimulations. The replicates were run on
different lanes in the RNA‐seq chip, to ensure that any differences in the lanes were
accounted for. A total of 48 samples were sequenced.
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In addition to deciding on the number of technical replicates, we also had to decide on the
read length. This had to be long enough to allow accurate mapping of the sequence to the
reference genome, but short enough to allow a sufficient number of reads overall. If read
lengths are too short, they can be mapped to multiple loci on the genome. Based on the
advice of the bioinformatics experts at GSK, a read length of 125 bases was selected.

8.2.3 Mice
Age matched C57/BL/6J, C57BL/6‐Tnfrsf1a (tm1Imx/J), and B6.129S2‐Tnfrsf1b (tm1Mwm/J)
mice were purchased from The Jackson Laboratory, California, USA. Care was taken to
purchase knockouts that were generated in similar ways, onto the same background, from
colonies that were also backcrossed regularly to ensure that the most closely matched wild
type control was used. Although control mice were available from the UK, it was thought
that it was more appropriate to use controls that had been exposed to the same living and
travel conditions as the knockouts. All animals were allowed to recover from travel for 2
weeks, with free access to food and water at the GSK Stevenage animal facility.

8.2.4 Isolation of bone marrow
Male and female wild type, TNFR1‐/‐ and TNFR2‐/‐ mice were sacrificed by cervical
dislocation followed by femoral artery ligation to confirm death. Pentobarbital injection was
avoided as it can cause gross splenomegaly, and the experimental design involved the
collection and freezing of splenocytes for potential future work. After death, femurs and
tibias were taken and the bone marrow was extracted by flushing with DMEM.

8.2.5 BMDM stimulation
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Cells were counted as described in the materials and methods section, and viability was
determined. This averaged at 97%, with the lowest reading of 94.8% and highest at 99.2%.
There was no difference in viability between the different genotypes.
BMDMs were passed through a cell strainer to remove any clumps of cells, counted, then
resuspended in high glucose DMEM supplemented with L‐Glutamine and
penicillin/streptomycin. Cells were plated at a density of 5x105 per ml in 24 well plates. They
were then stimulated with 125ng/ml TNF. After 4 hours, the cell supernatants were
discarded and 1ml ice cold PBS was added to each well. The cells were gently scraped using
a 1ml pipette tip, then snap frozen in dry ice.

8.2.6 RNA extraction: protocol development
RNA extraction from these samples presented various problems. I decided to use Qiagen
RNEasy RNA purification kits, because they are quick, reliable, and user friendly. It was
important for RNA‐sequencing that the RNA used was not degraded, therefore all samples
were checked for RNA integrity. RNA integrity was measured on an Agilent Tapestation. This
works by using a ScreenTape gel matrix, to separate samples by molecular weight. Samples
are coated with an intercalating dye and electrophoresed. A high‐quality camera then
images the DNA or RNA. The RNA integrity number (RIN) is calculated from an algorithm
that measures the ratio in area between the 18s and 28s ribosomal RNA bands, and
measures aberrations that appear as RNases degrade the RNA the sample. The supposition
is that if the rRNA is intact, the other RNA will be as well. The ideal gel electrophoresis
results would show two clear bands at 18s and 28s, with no other bands, as these indicate
other molecular weights of RNA are present in the sample. When these results are displayed
as a histogram, ideally there would be two clear peaks at 18 and 28s, with the area under
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the 28 s peak being approximately twice the area under the 18s peak (due to the molecular
weight of 28s being 5kd compared with the 18s 2kd).
The first RNA extractions using the RNEasy mini kit (Qiagen) achieved a good RNA yield with
excellent RNA integrity, as defined by the RNA integrity number (RIN). The protocol was
followed according to the manufacturer’s instructions. In brief, cells were thawed then lysed
using RLT buffer, which contains guanidine isothiocyanate. 70% ethanol was then added to
the lysate and mixed thoroughly. The sample was then added to an RNeasy Mini spin
column and centrifuged. The ethanol and the guanidine isothiocyanate resulted in the RNA
becoming stuck in the membrane in the column. A DNA digestion step using DNAse was
then performed, to prevent genomic DNA contamination of the RNA sample. After a
number of wash steps, RNAse free water was added to the spin column to elute the RNA. A
small sample was taken for quantification and quality analysis, and the rest was frozen and
stored at ‐80°C.
Upon further research, it was found that this particular kit selects for RNA molecules that
are more than 200 bases in length. Since the RNA‐seq experiment was specifically designed
to allow the sequencing of RNA down to 70 bases, a different solution had to be found.
After consultation with Qiagen technical support, a modified protocol was supplied. In this
protocol, the alcohol concentration was increased to 100%, and the wash step involving
buffer RW1 (a stringent washing buffer containing a guanidine salt as well as ethanol) was
removed. The modified protocol used a slightly different kit – the RNeasy plus kit. The only
difference between the two was that the RNeasy Plus kit had a specific spin column
designed to removed genomic DNA from the sample. This removed the need for an on‐
column digestion step.
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8.2.7 Analysis of RNA using Qiagen modified protocol

Sample Intensity (FU)

RNA extracted from BMDMs using Qiagen’s modified protocol

Molecular weight

Figure 8.1: Each column shows the results of gel electrophoresis of RNA extracted from a BMDM sample after 4 hours of stimulation.
Samples were analysed using an Agilent Tapestation. RNA integrity scores (RIN) were given, along with a histogram showing the
molecular weight of the bands detected during the electrophoresis. Bands/peaks at locations other than the lower baseline, the 18s and
28s indicated potential degradation or DNA contamination.

In Figure 8.1 I show that the modifications suggested by Qiagen resulted in far more RNA
degradation than expected. This was likely to be the result of RNAses in the sample,
however the reasons for the difference in RIN between this modified protocol and the
original RNeasy mini kit protocol were unclear. It was thought that better results may be
achieved by switching to a different kind of RNeasy kit specifically designed for the
extraction of small RNAs.
The miRNeasy kit is designed for the extraction of total RNA from cell samples. It combines
phenol/guanidine‐based lysis of samples with silica membrane purification of RNA as in the
RNeasy mini kits. In this protocol cells are lysed in Trizol (Qiazol), then chloroform is added.
RNA is isolated by phase separation. Once separated, ethanol is added and the samples are
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added to the RNeasy spin column and, from this stage, the protocol is similar to the
modified Qiagen protocol used previously.

8.2.8 Analysis of RNA using the Qiagen miRNeasy kit
RNA extracted from BMDMs using Qiagen miRNeasy kit

Figure 8.2: RNA extracted from BMDM samples using the miRNeasy kit was analysed using an Agilent Tapestation. RNA integrity scores
are shown as before

In Figure 8.2 I show that although this protocol yielded large amounts of RNA (~200ng/µl),
there was no improvement in the quality. There is no consensus on the RIN that is required
for accurate RNA sequencing, however, most commercial RNA sequencing companies
recommend that samples should have a RIN of at least 7.
After further discussion with Qiagen, a second modified RNeasy Plus protocol was applied.
In addition, new kits and new reagents were purchased. The custom modifications made
included:
1) A rapid thawing of samples followed by lysis in 2x volume of RLT buffer. This was to
minimise the time for RNAses to degrade the RNA, and decrease the risk that there
was not enough RLT buffer to fully inactivate the RNAses
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2) Addition of 10µl/ml β‐mercaptoethanol to the RLT lysis buffer to help with RNAse
inactivation
3) Increasing the volume of 100% ethanol from 1.5x sample volume (as advocated in
the supplied protocol) to 2x
After making these modifications, there was a massive increase in RNA quality, as shown in
Figure 8.3.

8.2.9 Custom modified RNeasy+ kit
RNA extracted from BMDMs using an RNeasy + kit, with a custom modified protocol

Figure 8.3: Samples were processed and analysed as before. RIN numbers were much higher, and the histogram revealed much cleaner
peaks representing the 18s and 28s ribosomal subunits

It wasn’t clear which of the modifications resulted in the massive improvement in RIN,
however, the custom modifications to the protocol resulted in the isolation of total RNA, of
an acceptable quality for RNA‐sequencing.
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8.2.10 RNA‐Sequencing
The process of RNA sequencing is described in detail in chapter 2. In brief, 100ng in 10µl
RNA was added to a .33ml PCR plate. The DNA libraries were constructed using an Illumina
TruSeq total stranded kit, with a protocol specially adapted for the TECAN Freedom EVO
automated NGS workstation. Once generated, libraries were checked using an Agilent
Tapestation. A sample of DNA QC data is shown in Figure 8.4.
DNA libraries were checked by gel electrophoresis, using an Agilent Tapestation

Figure 8.4: cDNA libraries were checked and quantified using an Agilent Tapestation. New libraries were constructed for samples with
insufficient or degraded DNA.

Figure 8.4 demonstrates the presence of DNA, in one band in each sample. This shows
successful DNA library synthesis. At this stage, samples were submitted to the GSK Target
Sciences team for PCR QC checks and sequencing. The Sequencing process is described in
detail in the materials and methods section. Data processing, alignment and QC checks were
performed by GSK Bioinformatics.
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8.2.11 Phospho‐Kinase staining
BMDMs were cultured as previously described, then stimulated with 125ng/ml TNF for 3
hours. They were then stained in the cell culture plates with ef780 viability dye. This was
then washed off with ice cold PBS, and cells were gently scraped using a 1ml pipette tip.
Cells were fixed and permeabilised using BD Cytofix/Cytoperm, and stained with CD11b and
F4/80 as shown previously. The phospho‐specific antibodies used were:


AF647‐phospho‐MK2 (Clone 27B7), which was used at a 1/100 dilution. This
antibody bound to phosphorylated Threonine‐334 residue.



AF647‐phospho‐NFκB (clone 93H1), used at a 1/50 dilution. This antibody bound
phosphorylated Serine‐536
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8.3 Analysis techniques
RNA sequencing data is extremely complex both to interpret, and to present. A number of
different options are explored in this chapter, ranging from relatively traditional methods to
a novel approach, still being developed. The analysis section is split into two sections, as I
felt that two separate questions were being asked.
1) What pathways are TNFR2 specific
2) What genetic changes could explain the increased susceptibility of TNFR2‐/‐
animals to LPS stimulation seen in Chapter 5
While these questions are related, they are subtly different. It is very possible that the main
effects of TNFR2 signalling involve the modulation of TNFR1 responses, which will best be
shown by looking at the differences between the TNFR2 knockout and wild type
macrophages. Previous data from our lab, however, also shows that TNFR2 signalling
conveys protection from VILI, whereas complete abrogation of TNF signalling does not
[264]. This suggests that TNFR2 has specific protective effects, which have never been
clarified. The best way to look for these is to look for pathways significantly modified in the
TNFR1‐/‐ animals, that are differently modified in the TNFR2‐/‐ animals.
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8.3.1 RNAseq QC
PCA plot showing that main source of the variance is the treatment cells received

Control animals +
TNFR1‐/‐ TNF
stimulated

Figure 8.5: QC data provided by GSK bioinformatics demonstrating the grouping of samples by stimulation. As expected,
the TNFR1‐/‐ cells group do not respond to the stimulations, unlike the TNFR2‐/‐ and wild type cells. Data was plotted using
R.

The data generated by this sequencing experiment identified 26,493 different genes with a
count >0 in total. Sources of variance were plotted by the GSK biostatesticians, using PCA
plots, one of which is shown in Figure 8.5. The QC report showed that treatment condition
and genotype were the main two sources of variability between the samples, and that
gender, technical replicate, batch number, and lane number had no effect on the variance.
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The fact that there was no significant difference between male and female macrophage
responses to TNF was an important finding, as it impacts future experimental design. Being
able to use both female and male knockout animals significantly shortens the wait time on
new animal orders, therefore both genders will be used in future work.

8.3.2 Generation of gene lists
The raw count data was processed using Array Studio (OmicSoft, Cary, USA) to generate fold
change data. Fold change data could be calculated in one of two ways. Either, the fold
change for each knockout could be calculated using the corresponding wild type condition
as the baseline: for example, fold change between wild type control vs TNFR1‐/‐ control,
fold change between wild type TNF stimulation vs TNFR1‐/‐ TNF stimulation. While this
seems like a logical and easy way to compare the data, there are problems with this
method. Primarily, it assumes that the cells all start from the same baseline, and are directly
comparable. As we know, one of the limitations of using knockout animals is that it is very
likely that there are differences in baseline responses. I felt genetic drift was likely to be
confounding factor in the analysis, therefore, to avoid this problem, I decided to look at the
fold changes in a different way
In this method, fold changes are calculated by comparing each the stimulations within each
genotype to their own control: for example, fold change in wildtype TNF stimulated from
wildtype control vs fold change in TNFR1‐/‐ TNF stimulated from TNFR1‐/‐ control. Instead
of measuring an absolute difference for each stimulation, this method compares the
response to stimulation from baseline. This method resembles a two‐way anova, however,
as this was a pilot study we didn’t have the statistical power to ascertain a p value for the
difference in response between the genotypes. This pilot data will be used to estimate the
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number of mice that would be needed to fully power a two way anova. While being slightly
more complex, this method compensates far better for potential genetic differences than
directly comparing gene up and downregulation between the genotypes.
The data table generated is too large to be included, however, a sample has been included
in Figure 8.6, demonstrating the genes with the largest fold changes, up or down, after TNF
stimulation in each genotype.

Figure 8.6: The 30 most upregulated genes in TNF stimulated BMDMs in wild type, TNFR1‐/‐ and TNFR2‐/‐ cells. P values were
generated using T‐tests in Array Studio. On advice from GSK statisticians it was decided that, since this was a pilot study that we
accepted was under‐powered, it would be more valuable to risk false positives at this stage, rather than apply multiple comparisons
corrections.
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8.3.3 Analysis of transcriptomics data using causal reasoning
Cells respond to extracellular signals by activating molecular pathways or cascades, which
can cause the activation or suppression of multiple cellular characteristics. These include,
but are not limited to: division, growth, metabolism, cytoskeletal arrangement, and
production and secretion of compounds. These pathways connect the signal receptors and
proteins within the cell, leading to their activation or inhibition, eventually resulting in
changes in the gene expression pattern.
The investigation of this process is widely used as the basis for determining the pathways
that are important in various disease states, and ways in which they can be
pharmacologically modified to restore normal cellular function. Gene expression studies,
using high throughput techniques, allow the investigator to quantify the over/under
expressed genes between a sample of interest and a control sample, to produce a list of
differentially expressed genes (DEGs). As with any OMICs technology, the value of
transcriptomics data is dependent on the functional interpretation in the context of the
phenotype of the cells in question. Lists of DEGs are hard to interpret without the help of
knowledge‐based approaches, which use a structured database of protein interactions,
pathways and protein‐disease associations, manually derived from published experimental
literature.
Transcriptomics data is notoriously challenging to interpret. The sheer number of data
points necessitated the use of bioinformatics systems. Various bioinformatics solutions are
available, however, there are various limitations. When choosing tools to interpret OMICs
data sets, it is important to note that existing knowledge regarding pathways and cellular
processes is incomplete. Existing databases differ, and don’t currently cover the whole
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genome. One database alone may not give a sufficiently complete picture of current
knowledge.
Another big problem with virtually all methods of transcriptome analysis is the requirement
for users to generate gene lists to submit for analysis. This is difficult because the
investigator must decide an arbitrary fold change cut off value for when a gene is
determined to be up or down regulated. If the value is too small, then it is possible that the
upregulated gene list will contain genes that were only upregulated by chance. If the value is
too high, then the user risks ignoring genes where a smaller upregulation has significant
consequences.
Most online transcriptomics tools use either a gene set enrichment analysis method, or
pathway enrichment. Gene Set Enrichment Analysis takes the rank order of differential
expression from a list of submitted genes, and compares to a data base of differentially
expressed genes from other transcriptomic studies and ranks based on the similarities of the
signature. This provides a snapshot of the genes that are being transcribed at the moment
the samples were taken, but does not attempt to determine the cause of the changes taking
place. Pathway enrichment tools use a Fisher’s exact test to see whether the number of
overlapping genes between the input list and a set of genes known to be associated with a
pathway is more than you would expect by chance, given the size of each list. Typically,
pathway enrichment doesn’t take into account the fold change, but tools like MetaCore and
Ingenuity allow you to overlay your data onto a pathway map, allowing interpretation the
activation / inhibition state in a non‐statistical manner. This is, however, very labour
intensive and difficult.
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The traditional OMICs tools have limited facility to input either a fold change value, or even
a fold change direction. This results in a failure to distinguish between genes that are up or
down regulated in a gene list, requiring the user to choose between submitting a complete
gene list, or sub‐dividing the list into up and downregulated genes. As some pathways have
genes that are both up and downregulated, most biologists submit the complete list,
however this makes interpretation of the activation status of the pathways difficult. In
addition, gene set libraries often capture broad biological phenomena such as apoptosis,
without giving any clues as to the mechanistic details of the process. These issues make it
hard to validate the transcriptomics findings in further experiments.
Many cell signalling events are transient, therefore the list of DEGs obtained only represent
a snapshot of the cellular processes occurring. In recent years, a new method of analysis has
been developed, known as causal reasoning, or reverse causal reasoning.
The causal reasoning approach uses prior knowledge in the form of large databases of cause
and effect relationships, made up from smaller networks of structured gene sets. These
networks consist of upstream nodes, downstream nodes and edges. Upstream nodes can be
any kind of perturbation such as a chemical, protein or protein activity that is likely to cause
the expression changes between your phenotypes. Downstream nodes represent the
entities such as proteins or RNAs that are known to be affected by the DEGs in the dataset.
Edges specify the relationship between the nodes, which can be “increased”, “decreased” or
“ambiguous”. This approach was first used in 2005 by Selventa, however it has only been
formally tested using publicly available knowledge databases in the last five years [446,
447].
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During this time, the causal relationships tools available have become more sophisticated,
with the more advanced tools now able to allow users to enter both fold change direction
and magnitude. During the course of the data analysis for this RNA‐seq experiment, I
explored various options for data analysis, however, the tool I selected was Key Pathway
Advisor (KPA), developed by Clarite using the Thomson Reuters Metacore™ database. KPA
uses causal reasoning network analysis to predict the activity of Key Hubs, transcription
factors and their upstream regulators, from a database of more than 100,000 manually
annotated protein/RNA/compound interactions (including the >34,000 transcriptional
regulation interactions) stored in Metabase™. In addition, KPA uses synergy pathway
analysis, which define processes and pathway maps that contain both the DEGs in the gene
list, and the predicted Key Hubs gene sets, to show the most likely pathways that have been
affected. In addition, because KPA takes into account the fold change and direction, it can
predict whether the pathway is up or downregulated.
KPA analysis provides 5 different types of information output:


Predicted key hubs (Protein Activity) – these are the upstream molecules, often
transcription factors or enzymes, whose activity could explain the DEGs in a given
dataset. These hubs can change the expression level of the DEGs, but may not
change in expression themselves. Their activity is, therefore, best observed by
looking at the expression of the genes they control.



Key Pathways – KPA provides a list of known pathways and cellular processes that
are significantly enriched with Key Hubs and DEGs. This gives an interpretation of the
biological relevance of the dataset.
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Enriched Gene Ontologies – Consisting of various MetaCore™ and Gene Ontologies
That are significantly enriched with DEGs and Key Hubs.



Putative biomarkers – KPA has a feature where you can input a disease of interest,
and it searches the list of DEGs and Key Hubs to see whether they have previously
been associated with the disease (or similar diseases), and whether the direction of
change in the dataset is consistent with the literature.



Drug Targets (Prior Knowledge) – if desired, KPA will output DEGs or Key Hubs
associated with drugs (derived from Clarivate Analytics Integrity) in both preclinical
and approved phases for a specific disease (and similar diseases).

The KPA workflow used in these experiments is shown in Figure 8.7.
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8.3.4 The KPA Workflow
Generation of key hub and process lists using KPA

(1,3&4) The
statistically significantly
enriched pathway maps,
diseases, process
networks and pathway
groups are identified for
the DEGs, Key hubs, and
the combined list of
DEGs and Key Hubs
(P<0.05).

(2) Predicted Key Hubs are
identified using a Causal
Reasoning approach

(5) The resulting lists
are then filtered for
those where the union
of the DEGs and Key
Hubs has a lower P
value than the DEGs and
Key Hubs separately.

(6) For the final key process list, a Signaling Pathway Impact Analysis (SPIA) is calculated, to identify the impact of the
DEGs on the activity of downstream molecules. SIPA aims to identify the most promising candidate pathways and
genes, by analysing the perturbed pathways in a condition by combining the enrichment of the perturbed genes in
the pathway with the actual amount of perturbation.
Figure 8.7: Visualisation of the KPA workflow – the steps are described above
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8.3.5 Generation of Gene lists after TNF stimulation
Once gene lists of the top 1000 affected genes for each group had been assembled, I moved
on to investigate the pathways that were affected by knockout of TNFR1 and TNFR2.
The TNFR1‐/‐ animals presented us with a specific problem. For an unknown reason, all of
the samples that failed the QC analysis were from this group, therefore the number of
control animals fell to two. This meant that the statistical tests performed by Array Studio
gave relatively high p values compared with the other two groups. As this is pilot work, we
decided to accept higher p values, to try and prevent the arbitrary removal of potentially
significant genes, however, I accept that this is a limitation and our findings will require
further work to clarify. As the genes with the largest fold changes were the most likely to be
significant, for the Key Hub and pathway analysis I used the top 1000 most altered genes
from each group.
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8.4 Results Part 1: What pathways are TNFR2 specific
The top 1000 DEGs in the TNFR1‐/‐, TNFR2‐/‐ and wild type macrophages were analysed
using KPA. KPA conducts signalling pathway impact analysis (SPIA) mentioned previously,
and described in detail by Tarca et al [448]. In brief, SPIA examines not only the DEGs and
Key Hubs, but also takes into account the fold changes of the DEGs to predict the
perturbation of the pathway, to give the “Global p‐value” alongside a predicted direction of
pathway regulation.
The purpose of these experiments was to determine the cellular consequences of TNFR2
signalling. To do this, I looked at pathways and key hubs in TNFR1‐/‐ animals, and compared
the responses seen to wild type and TNFR2‐/‐ animals. In this section, I examined pathways
that were differentially regulated between TNFR1‐/‐ and TNFR2‐/‐ animals following TNF
stimulation. To make graphical representation of the pathway p values possible, a ‐log10
transformation of the results was performed, and the results are shown in Figure 8.8.
Pathways significantly altered in WT and TNFR1 ‐/‐ BMDMs after TNF stimulation

Figure 8.8: Scatter plot of key pathway global p values TNFR1‐/‐ animals (X axis) and TNFR2‐/‐ animals (Y axis). Pathways only significantly altered
in the TNFR1‐/‐ animals are shown in the dashed red box, and those significantly altered in the TNFR2‐/‐ animals are shown in the solid red box.
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Firstly, it is worth noting that Figure 8.8 shows the p‐values in the TNFR1‐/‐ cells are less
significant than in the TNFR2‐/‐ animals. The fold changes in the TNFR1‐/‐ DEGs were lower
than in the other two genotypes, which is to be expected as the majority of TNF signalling
occurs via TNFR1. The SPIA analysis takes into account the fold changes of the DEGs,
therefore the pathway global p values will be affected by smaller fold changes.
It is likely that the reason for smaller fold changes is that I did not fully stimulate TNFR2, as
the experiment used soluble TNF rather than membrane bound TNF, the preferred ligand
for TNFR2. At the time of experimental design there was no confirmed specific TNFR2
agonist, therefore it was not possible to ensure full activation of this receptor. In recent
months, a new product has come to market that may help to circumnavigate this problem.
The Hycult mouse TNFR2 antibody claims to increase the affinity of TNFR2 to soluble TNF,
which would be very interesting to investigate in future work.
To ascertain which pathways are differentially regulated by TNFR1 and TNFR2, I identified
pathways that were predicted to be upregulated in TNFR1‐/‐, but downregulated in TNFR2‐
/‐ animals. This would suggest the pathways were TNFR2 specific, and were usually
downregulated by TNFR1. This analysis returned one result:

Pathway
Immune response_IL‐15
signalling

TNFR1‐/‐
P Value
0.0146

TNFR1
Direction

TNFR2‐/‐ P
value
1

0.00287287

TNFR2‐/‐
Direction

Wild Type
P value
‐1

0.009609

WT
Direction
‐1

Table 8.1: Key pathway upregulated in TNFR1‐/‐ mice, that is actively downregulated in TNFR2‐/‐ mice, suggesting this pathway is TNFR2
specific
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I also looked at pathways that were predicted to be upregulated in TNFR1‐/‐ mice, that were
not affected in the TNFR2‐/‐ animals, which are likely to be the pathways that are TNFR2
specific and not affected by TNFR1 signalling:

Pathway

TNFR1‐/‐
P Value

TNFR1‐/‐ TNFR2‐/‐
Direction P value

TNFR2‐/‐ Wild Type
Direction P value

Immune response_T regulatory cell‐
mediated modulation of antigen‐
presenting cell functions
Apoptosis and
survival_Lymphotoxin‐beta receptor
signaling
Signal transduction_PTMs in IL‐12
signaling pathway

0.000138

1

1

0

1

0

0.00476

1

1

0

1

0

0.00973

1

1

0

0.0050322

1

Immune response_Role of PKR in
stress‐induced antiviral cell response

0.0135

1

1

0

1

0

Immune response_IL‐2 activation
and signaling pathway

0.0154

1

1

0

1

0

Signal transduction_mTORC1
downstream signaling

0.0302

1

1

0

1

0

Table 8.2: Pathways that were predicted to be upregulated in the TNFR1‐/‐ animals that were unaffected in the TNFR2‐/‐
mice.

As before, there are too many pathways to discuss in detail, therefore I have focussed on
the most significantly upregulated pathways in each group. From Table 8.1 and Table 8.2,
the most significantly upregulated pathway in the TNFR1‐/‐ animals is the T regulatory cell‐
mediated modulation of antigen‐presenting functions. Previous publications have shown
that TNFR2 signalling is critical for the stabilisation of the CD4+Foxp3+ regulatory T cell
phenotype in models of inflammatory pathology in animal models [253, 254, 449], although
the mechanisms behind this are not clear. It has been shown that TNFR2 inhibits IL‐17
induced Th17 differentiation via upregulation of IL‐2, and postulated that TNFR2 signalling
stabilises FoxP3 mRNA [450]. Both IL‐15 and IL‐2 pathways were shown to be upregulated in
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Wild Type
Direction

Table 8.1 and 8.2 (respectively) and have been shown to have important roles in the
generation, function and survival of T regulatory cells (Tregs) [451, 452].
Recent human studies have identified Treg activation defects in type 1 diabetic patients that
can be rescued by TNFR2 agonism, further demonstrating the importance of this receptor in
Treg cells [449]. Interestingly, IL‐2, IL‐15 and TNFR2 have been shown to be important in the
generation and survival of FoxP3+ Treg cells, which are essential for immune tolerance in
diabetes [451‐453]. FoxP3 T‐regs do not produce IL‐2, but are dependent on the production
of this cytokine from other cell types to maintain viability and function [453]. Mice lacking
IL‐2 or the IL‐2Rβ chain (through which both IL‐2 and IL‐15 signal) succumb to
lymphoproliferative disease as a result of decreased Tregs, which can be reversed by
adoptive transfer of wild type T cells [454].

It is clear that both IL‐15 and IL‐2 signalling pathways are predicted to be upregulated
specifically in the TNFR1‐/‐ mice. IL‐15 is a pleotropic cytokine, with profound effects on the
proliferation, survival and differentiation of multiple cell types [455]. IL‐15 was thought to
be functionally identical to IL‐2, due to the fact that both cytokines result in STAT5
activation via the IL‐2 receptor beta, and IL‐2 receptor gamma/gamma common chains [456,
457]. More recently it has been shown that, although they are related, IL‐2 and IL‐15
signalling are functionally distinct, with each having its own unique high affinity α‐chain
[458]. The fact that both the IL‐2 and IL‐15 signalling pathways are predicted to be
upregulated suggests that the common signalling pathway via the IL‐2β chain may be
upregulated.
The literature looking at the role of TNFR2 in the generation and maintenance of FoxP3 Treg
cells has only looked at the effects of TNFR2 signalling within the T cell populations, rather
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than the way in which TNFR2 may modify cytokine production and interaction with antigen
presenting cells. The data presented above suggest that the story may be more complex,
with TNFR2 signalling able to modify IL‐2 and IL‐15 production from APCs, which may
explain some of the T cell effects described in the literature.
To investigate these data further, I looked at pathways that were downregulated in the
TNFR1‐/‐ macrophages, that were predicted to be upregulated or unaffected in TNFR2‐/‐
mice (Table 3). These pathways were thought to represent those that are usually
suppressed by TNFR2 alone. As the wild type cells also express both receptors, I was
especially interested in pathways that were downregulated in both the TNFR1‐/‐ and wild
type cells, which were either predicted to be upregulated or unaffected in the TNFR2‐/‐
cells.
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Pathway

TNFR1‐/‐
P Value

TNFR1‐/‐ TNFR2‐/‐
Direction P value

TNFR2‐/‐
Direction

Wild Type
P value

Wild Type
Direction

Immune response_IL‐33 signaling
pathway
Development_EGFR signaling pathway

1.64E‐05

‐1

1

0

1

0

0.0004028

‐1

1

0

1

0

Development_ERBB‐family signalling

0.0006076

‐1

1

0

1

0

Immune response_IL‐17 signaling
pathways
Chemotaxis_CCR1 signaling
Cell adhesion_PLAU signalling
Immune response_Substance P‐
stimulated expression of
proinflammatory cytokines via MAPKs
Development_Leptin signaling via
JAK/STAT and MAPK cascades
Immune response_IL‐16 signaling
pathway
Immune response_IFN‐alpha/beta
signaling via MAPKs
Development_PEDF signalling
Immune response_Regulation of T cell
function by CTLA‐4
Immune response_IL‐5 signaling via
JAK/STAT
Immune response_CD137 signaling in
immune cell
Immune response_IL‐6 signaling
pathway via JAK/STAT
Development_Lipoxin inhibitory action
on PDGF, EGF and LTD4 signaling
Transcription_P53 signaling pathway

0.0021571

‐1 0.0003505

1 0.0016291

1

0.003599
0.0038246
0.0041954

‐1 0.0039403
‐1 0.0077552
‐1
2.00E‐05

1 0.0028941
1 0.0011612
1 0.0007981

1
‐1
1

0.0044894

‐1

1

0

0.010542

‐1

0.0056205

‐1

0.021325

1 0.0079588

1

0.0080571

‐1

3.18E‐09

1 0.0001793

1

0.0093221
0.0097901

‐1
‐1

1
1

0
0

3.83E‐06
1

‐1
0

0.0104437

‐1

1

0

1

0

0.0104686

‐1

1

0

1

0

0.0109908

‐1

1

0

2.59E‐09

‐1

0.0122421

‐1

1

0 0.1519184

1

0.0150066

‐1

1

0

1

0

0.0159393

‐1

1

0 0.0073186

‐1

0.023625

‐1

1

0 0.0620842

1

0.0340951

‐1

1

0

0

Immune response_Oncostatin M
signaling via JAK‐Stat
Development_Membrane‐bound ESR1:
interaction with growth factors
signalling
Development_GM‐CSF signalling

1

Table 8.3: Pathways that were downregulated in the TNFR1‐/‐ animals, that were predicted to be upregulated or unaffected in TNFR2‐/‐
animals.
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It was beyond the scope of this PhD to thoroughly investigate all pathways in depth,
therefore I will mainly focus on pathways that are involved in the inflammatory response.
The most significant downregulated pathway in the TNFR1‐/‐ animals was the IL‐33
signalling pathway (Table 8.3), with a global p value of 1.64x10‐5. IL‐33 is a member of the IL‐
1 family and is synthesised as a 31‐kDa precursor, and requires processing to mature into its
bioactive form [459]. IL‐33 is an important T helper 2 (Th2) cytokine, with well documented
roles in asthma and airway hyper‐responsiveness [460‐463]. IL‐33 has been shown to have
two functions, firstly as a conventional cytokine by activation of the ST2 receptor complex,
and secondly as a transcriptional regulator by activation of NFκB and MAPK signalling
pathways via TRAF6 [464‐466]. IL‐33 is also classed as an “alarmin”, which is quickly
produced and secreted after cellular damage or stress [467]. Interestingly, it has recently
been shown that IL‐33 is strongly upregulated in a rat model of VILI, suggesting that
increased levels of this cytokine may be important in the pathogenesis of this condition
[463].
The downregulation of IL‐33 in TNFR1‐/‐ macrophages suggests that binding of TNF to
TNFR2 triggers intracellular mechanisms that may prevent the polarisation of macrophages
towards an alternatively activated, pro‐allergy m2 phenotype. The functional consequences
of this are unclear but, since IL‐33 has been shown to be deleterious in many lung
conditions, it seems plausible that downregulation of IL‐33 signalling may be an anti‐
inflammatory response mediated by TNFR2. Further investigation is required to clarify this.
Two other interesting pathways that are downregulated only in the TNFR1‐/‐ cells are the IL‐
17 signalling pathway, and the CD137 (TNFSF9) pathways (Table 8.3). These are very
interesting, as they tie in with the findings in Table 8.2, where I showed upregulation of
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pathways involved in the Treg response to TNF stimulation. CD137 agonists have been used
to reprogram Treg cells to produce pro‐inflammatory cytokines such as TNF, demonstrating
the importance of this receptor in pro‐inflammatory responses [468]. I also showed
increased IL‐2 and IL‐15, which function in opposition to IL‐17 in the polarisation of T reg
cells away from a pro‐inflammatory Th17 phenotype [450, 469]. These data, combined with
the data presented in Table 3 suggest that TNFR2 can actively downregulate IL‐17 and
CD137 signalling, while upregulating pathways that promote the development of Treg cells.
While this has been previously reported in T cells [450, 469], modified responses to IL‐17
have not been shown in macrophages. The effects of TNFR1‐/‐ macrophages on T cell
differentiation may therefore be a very interesting avenue to explore in future work.
There were other interesting pathways, especially those demonstrating downregulated
MAPK responses, and decreased IL‐6 and interferon responses, which will be covered in
more depth later.
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8.4.1 TNFR2 specific gene hub analysis
To investigate possible gene hubs that are specific to TNFR2, I examined all of the key hubs
significantly affected in the TNFR1‐/‐ and TNFR2‐/‐ cells, and plotted them as I did for the
TNFR2 specific pathways:
Key hubs differentially regulated in WT and TNFR1 ‐/‐ BMDMs after TNF stimulation

Figure 8.9: Scatter plot of key hub p values TNFR1‐/‐ animals (X axis) and TNFR2‐/‐ animals (Y axis). Key hubs only significantly altered in the
TNFR1‐/‐ animals are shown in the dashed red box, and those significantly altered in the TNFR2‐/‐ animals are shown in the solid red box.

Again, Figure 8.9 shows that the p values in the TNFR1‐/‐ mice are less significant than in the
TNFR2‐/‐ animals. This is likely to be the result of smaller DEG fold changes, and because the
study was underpowered, especially in the TNFR1‐/‐ cells. Wild type animals have both
TNFR1 and TNFR2. As I are trying to ascertain the role of TNFR2 in wild type animals, it was
particularly interesting to identify the hubs that were predicted to be upregulated in the
wild type and TNFR1‐/‐ animals, that were unaffected or downregulated in the TNFR2‐/‐
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animals, as these are likely to be the TNFR2 specific gene hubs. These are presented in Table
8.4:
Identifier

Predicted
Activity
TNFR1‐/‐

PI3K reg
class IA
(p85)
IBP3
AIMP1
NALP10
(PYNOD)
p90Rsk
NEMO

Activity
PValue
TNFR1‐/‐

Predicted
Activity TNFR2‐
/‐

Activity PValue
TNFR2‐/‐

Predicted
Activity
Wild Type

Activity
PValue WT

1

1.93E‐05

0

1

1

1.81E‐09

1
1
1

0.00163
0.002309
0.002581

‐1
0
0

0.004521
1
1

1
1
1

0.0006621
7.07E‐07
0.002321

1
1

0.003965
0.007433

0
0

1
1

1
1

0.003277
0.004515

Table 8.4: Key hubs predicted to be upregulated in the wild type and TNFR1‐/‐ animals. Highlighted genes are of interest
due to their importance in known inflammatory pathways.

From Table 8.4 there were 6 gene hubs that were predicted to be upregulated in both the
wild types and TNFR1‐/‐ animals. IBP3 was of particular interest as it was downregulated in
TNFR2‐/‐ animals. There was also upregulation of one of the key regulatory molecules of
NFκB signalling, NF kappa‐B essential modulator (NEMO), and a regulator of the PI3 Kinase
(PI3K) pathways.
Insulin‐like growth factor binding protein 3 (IBP3) is a circulating plasma protein that carries
most of the insulin‐like growth factor 1 (IGF‐1) in adult serum [470]. In addition to its role as
a carrier protein, IBP3 has been shown to be critical for other roles including: TNF induced
apoptosis in tumour cells and PC‐3 cells [470], immune regulation via the inhibition of NFκB
signalling cascades [471, 472], and roles in apoptosis in multiple cell types [473, 474].
Studies looking at the clinical relevance of IBP3 suggest varied roles for this protein across a
range of conditions, however, two studies have shown that IBP3 was able to suppress
ovalbumin‐induced airway inflammation in the mouse lung [471, 475]. There has also been
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a clinical study looking at the BAL fluid of ARDS patients, which correlated high levels of IBP3
with improved survival, possibly indicating a protective role of this protein in ARDS [476].
As the intracellular signalling mechanisms of IBP3 are not yet known, it is difficult to
speculate on how it interferes with NFκB signalling. Various studies have looked at situations
in which IBP3 promotes apoptosis, one of which identified potentiation of TNF‐related
apoptosis‐inducing ligand (TRAIL) by reducing NFκB activation [477]. One particularly
interesting study reported that IBP3 inhibits TNF induced NFκB activity in human colonic
carcinoma cells, resulting in apoptosis [478].
The finding that IBP3 is predicted to be specifically upregulated by TNFR2 is extremely
exciting, as it may provide a potential mechanism by which TNFR2 exerts its protective
effects in models of ARDS, and could act as a biomarker for TNFR2 signalling. The discovery
of biomarkers was an important aim of these experiments, as they may aid in the
development of future TNFR2 specific therapies.
The literature shows that IBP3 may be protective in ARDS, and multiple papers indicate that
inhibition or modification of NFκB signalling is a potential underlying mechanism.
The NFκB family in mammals has five proteins:
Class

Protein
NFκB1

I

NFκB2
RelA

II

P105
P100
P65

p50
p52

Gene
NFΚB1
NFΚB2
RELA

RelB

RELB

c‐Rel

REL

Table 8.5: Members of the NFκB family
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Aliases

These members can form homo‐or heterodimers, which can interact with DNA or with other
transcriptional co‐activators such as CREB‐binding protein to activate transcription of a
variety of different genes [479]. The Rel proteins differ in their ability to activate
transcription, with only RelA and c‐Rel shown to contain potent transcriptional‐activation
domains. It is thought that homodimers consisting of only Rel proteins may mediate
transcriptional repression [480].
In resting cells, NFκB is retained in the cytoplasm by binding to an inhibitory protein IκBα,
that blocks the active heterodimers from entering the nucleus [481]. For NFκB to act in its
capacity as a transcription factor, the IκBα complex must be phosphorylated and later
ubiquitinated, to allow the dissociation and translocation of NFκB. Activation of the IκBα
kinase (IKK) complex (consisting of IKK‐α, IKK‐β, and IKK‐γ/NEMO) is a critical step in this
process [482].
It was interesting to see that NEMO was predicted to be upregulated in TNFR1‐/‐ mice
exclusively, as this molecule is known to activate the IKK complex, and later NFκB. This
potentially disagrees with the findings associated with IBP3. Although IBP3 has been shown
to inhibit NFκB signalling, the mechanisms behind this inhibition are not known, despite
intensive research. The fact that multiple NFκB dependent pathways such as IL‐6, IL‐33, and
IL‐17 are all downregulated in the TNFR1‐/‐ animals may suggest that, despite NEMO
upregulation, there is still an overall decrease in NFκB signalling. To investigate this further I
looked at TNFR2‐/‐ animals, in particular at the NFκB signalling events and MAP kinase
cascades that appear to be downregulated by TNFR2. If TNFR2‐/‐ animals had increased
activity in these pathways compared to the wild types, it is more likely that TNFR2 was
playing a genuinely suppressive role in their predicted activity.
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8.5 Results Part 2: What genetic changes could explain the increased
susceptibility of TNFR2‐/‐ animals to LPS stimulation seen in Chapter 5
In chapter 5 I showed that TNFR2‐/‐ animals were extremely susceptible to LPS induced
ARDS. In the previous section, I have identified possible specific TNFR2 specific signalling
events, however, many of the effects of TNFR2 signalling are likely to be due to the
modulation of TNFR1 responses. In section 8.4 I examined the TNFR1‐/‐ animals, as I was
aiming to identify TNFR2 specific genes. In this section, I focus on the differences between
wild type animals, and those genetically lacking TNFR2, to investigate the ways in which
TNFR2 can modify TNFR1 signalling. To examine the effects of TNFR2 knockout on
macrophage signalling, I plotted the p values of the identified pathways from TNFR2‐/‐ and
wild type cells.
Pathways significantly altered in wild type and TNFR2 ‐/‐ mice

Figure 8.10: P values for pathways for the WT and TNFR2‐/‐ mice were plotted using R. Pathways significant only in the TNFR2‐
/‐ (dashed red line) and wild type (solid red line) were further analysed by separating up and downregulated pathways. These
are presented below.
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In these animals, the maximum p values were far more equal between the groups than seen
with the TNFR1‐/‐ vs TNFR2‐/‐ cells (Figure 8.10), suggesting approximately a similar
magnitude of pathway activation.
The pathways that were different between the wild type cells and the TNFR2‐/‐ animals
were investigated further. Pathways upregulated in TNFR2‐/‐ mice, that are downregulated
in wild types, represent the pathways that TNFR2 suppresses so strongly, it can reverse
TNFR1 mediated effects.
Four pathways were significantly predicted to be upregulated in TNFR2‐/‐ macrophages, and
significantly downregulated in wild type animals (Table 8.6):
Pathway
Immune response_IFN‐alpha/beta
signaling via PI3K and NF‐kB pathways
Cell adhesion_PLAU signaling
Immune response_C5a signaling
Immune response_Sublytic effects of
membrane attack complex

TNFR2‐/‐ P value

Direction Wild type T P value

Direction

5.95E‐10

1

1.21E‐06

‐1

0.007755208
0.0254119
0.039862095

1
1
1

0.001161213
0.080623351
0.040724885

‐1
‐1
‐1

Table 8.6: Pathways predicted to be upregulated in TNFR2‐/‐ BMDMs and downregulated in Wild type BMDMs after TNF stimulation.

From these data, it is clear that in the TNFR2‐/‐ macrophages, the type 1 IFN immune
response (IFNα/β signalling) pathway is strongly upregulated, however, these same
pathways are downregulated in the wild type cells. Interestingly, I previously showed that
TNFR1‐/‐ animals had downregulated IFN alpha and beta responses, although this was via
the MAPK pathway (Table 8.3). To investigate this further, the pathway maps comparing the
type 1 interferon response of the TNFR2‐/‐ and wild type animals are shown in Figure 8.11.
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Wild type Type 1 IFN via PI3K and NFκB pathways

TNFR2‐/‐ Type 1 IFN via PI3K and NFκB pathways

Figure 8.11: Full colour mode pathway map for the type 1 IFN response via PI3K and NFκB. Networks are overlaid with DEGs and Key Hubs. DEGs are highlighted by either green or red sectors, with the sector size
correlating to the magnitude of the effect as predicted by SPIA analysis. Key Hubs (those with a green (+) sign represent active Key Hubs from the causal reasoning, and those with a red (‐) sign represent inhibited hubs
from causal reasoning) are also shown. All molecules are connected with interactions that could be activating (green), suppressive (red) or unclear (grey).
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8.5.1 Interferon signalling
Type 1 interferons (IFNα & IFNβ) have previously been identified as important mediators of
immune responses [483]. Virtually all nucleated cells express both type 1 IFN receptors, and
TNFR1, and can therefore respond to both cytokines. When responding to viral infections,
macrophages can secrete type 1 IFN, and this process can be driven by TNF [484]. The above
data suggest that these type 1 IFN responses are altered in the TNFR2‐/‐ animals, as there is
strong activation of the PI3 and NFκB signalling pathways leading in increased IFNα/β
signalling. In the wild type animals, there is strong downregulation of these same type 1 IFN
responses.
Looking at the signalling processes via IFNα receptors 1 and 2 (IFNαR1 and IFNαR2) (Figure
8.11), there is strong down regulation of multiple signalling elements, particularly PI3Ks, in
the wild types, which are less strongly downregulated in the TNFR2‐/‐ animals. These data
suggest that the IFNα/β signalling pathway is likely to be dysregulated by the knockout of
TNFR2, leading to excessive type 1 IFN responses.
To investigate further, I then looked at all of the pathways that were predicted to be
significantly upregulated in the TNFR2‐/‐ mice, that were unaffected in the wild types (Table
8.7). These pathways are affected by TNF, but it is likely that TNFR1 and TNFR2 signal in
opposite directions maintaining an overall neutral signalling direction.
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Pathway
Apoptosis and survival_Anti‐apoptotic TNFs/NF‐
kB/Bcl‐2 pathway
Apoptosis and survival_Role of IAP‐proteins in
apoptosis
Signal transduction_Additional pathways of NF‐
kB activation (in the cytoplasm)

R2 KO
Pval

R2
Direction

WT P
value

WT
Direction

1.25E‐07

1

1

0

0.00036

1

1

0

0.000506

1

1

0

0.001443

1

1

0

0.0029

1

1

0

Neurophysiological process_Receptor‐mediated
axon growth repulsion

0.002971

1

1

0

Neurophysiological process_Dopamine D2
receptor transactivation of PDGFR in CNS
Membrane‐bound ESR1: interaction with G‐
proteins signaling
Development_Thrombopoetin signaling via JAK‐
STAT pathway

0.009231

1

1

0

0.014889

1

1

0

0.015019

1

1

0

Transcription_Role of AP‐1 in regulation of
cellular metabolism

0.031636

1

1

0

Muscle contraction_Regulation of eNOS activity
in endothelial cells

0.039942

1

1

0

Immune response_Antigen presentation by MHC
class I: cross‐presentation

0.041252

1

1

0

Chemotaxis_Lipoxin inhibitory action on Formyl‐
Met‐Leu‐Phe‐induced neutrophil chemotaxis
Development_Transcription regulation of
granulocyte development

0.048885

1

1

0

0.05979

1

1

0

Immune response_LPS‐induced platelet
activation
Apoptosis and survival_TNF‐alpha‐induced
Caspase‐8 signaling

0.060654

1

1

0

0.061635

1

1

0

Immune response_Antiviral actions of
Interferons
Immune response_Th17, Th22 and Th9 cell
differentiation

Table 8.7: Pathways that were significantly upregulated in TNFR2‐/‐ animals, but unaffected (P=1) in wild type animals

There are too many pathways to discuss in detail, therefore I have focussed on the
interferon response, as this was so clearly differentially regulated between TNFR2‐/‐ animals
and wild types, as shown in Table 8.6.
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Key hubs involved in the anti‐viral IFN response

Figure 8.12: Full colour mode pathway map for the anti‐viral IFN response. Networks are overlaid with DEGs and Key Hubs. DEGs are
highlighted by either green or red sectors, with the sector size correlating to the magnitude of the effect as predicted by SPIA analysis.
Key Hubs (those with a green (+) sign represent active Key Hubs from the causal reasoning, and those with a red (‐) sign represent
inhibited hubs from causal reasoning) are also shown. All molecules are connected with interactions that could be activating (green),
suppressive (red) or unclear (grey).

These data again suggest that the interferon response in TNFR2‐/‐ animals is more active
than in wild types, meaning that TNFR2 usually suppresses this response. The pathway map
for the anti‐viral response to IFN pathway in TNFR2‐/‐ cells is shown in Figure 8.12. There is
a strongly increased predicted activity of various interferon regulatory factors including IRF1
and IRF9, as a result of STAT1 and STAT2 upregulation. Various roles for the different IRFs in
macrophage function and polarisation have been reported. IRF‐1 is only weakly expressed in
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resting macrophages, however, IFNγ causes significant upregulation in classically activated
M1 macrophages [485]. IRF‐1 activation results in the translocation of My‐D88 to the
nucleus, where its actions result in the expression of proinflammatory genes [486]. In
particular, IRF1 has been shown to be essential for the upregulation of NOS2 after LPS and
IFNγ stimulation [487]. IRF1 suppresses the binding of transcription factors to the IL‐4
promoter, thus inhibiting alternative macrophage activation [488]. IRF9 has more recently
been shown to play a key role, via sustained activation of Rip3, in the induction of
macrophage necroptosis, and systemic inflammatory shock, after LPS stimulation [489].
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8.5.2 Effects on apoptotic pathways
Key hubs involved in the regulation of apoptosis, affected by TNFR2 ‐/‐

Figure 8.13: Full colour mode pathway map for the Anti‐apoptotic TNFs/NF‐kB/Bcl‐2 pathway. Networks are overlaid with DEGs and Key
Hubs. DEGs are highlighted by either green or red sectors, with the sector size correlating to the magnitude of the effect as predicted by
SPIA analysis. Key Hubs (those with a green (+) sign represent active Key Hubs from the causal reasoning, and those with a red (‐) sign
represent inhibited hubs from causal reasoning) are also shown. All molecules are connected with interactions that could be activating
(green), suppressive (red) or unclear (grey).

In Figure 8.11 I showed that TNFR2‐/‐ macrophages demonstrated a predicted increase in
NFκB signalling. This increase looks to be having other effects on cellular processes. In
particular, there is strong activation of the Anti‐apoptotic TNFs/NF‐kB/Bcl‐2 pathway (Figure
8.13). Interestingly, KPA analysis suggests that there is upregulation of TNFR2 signalling in
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this pathway, which is clearly impossible as these cells do not express TNFR2, which was
confirmed by the DEG list. It isn’t surprising that TNFR2 is showing up as a Key Hub, as it is
often implicated in TNF cascades which I expect to be active in these cells. This is a
limitation of all of the curated pathways, in that the analysis will assume the presence of
both TNFR1 and TNFR2. Currently there isn’t the option to modify the settings of any
program, to manually exclude a receptor from the analysis. In the future, AI analysis
methods may be able to incorporate this feature, however this is not the case currently.
Additional apoptotic pathways were also affected by TNR2 knockout, including the role of
IAP proteins, and caspase 8 in apoptosis regulation (Figure 8.14). In our laboratory we have
previously shown the importance of TNFR1 mediated caspase 8 in death signalling [66].
While the global P value of the caspase 8 pathway was slightly above the P<0.05 threshold,
it is shown here as preliminary data because our previous studies suggest that dysregulation
of this pathway by knockout of TNFR2 could be highly important.
Figure 8.14: Section of the TNFR1 induced caspase 8 signalling map, with the caspase 8 pathway highlighted. Networks are overlaid as previously described.
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Apoptotic signalling pathway activation in TNFR2‐/‐ BMDMs
The final set of pathways I looked at were those that were downregulated in the wild type
cells, but that escaped regulation in the TNFR2‐/‐ cells. These pathways represent those that
TNFR2 actively suppresses.

Pathway
Immune response_IL‐6 signaling pathway via
JAK/STAT
Development_PEDF signaling
Development_Cytokine‐mediated regulation of
megakaryopoiesis
Immune response_IL‐6 signaling pathway via
MEK/ERK and PI3K/AKT cascades
Development_c‐Kit ligand signaling pathway
during hemopoiesis
Immune response_Oncostatin M signaling via
JAK‐Stat
Development_Leptin signaling via JAK/STAT and
MAPK cascades
Immune response_CD16 signaling in NK cells
DNA damage_ATM/ATR regulation of G1/S
checkpoint
Immune response_Immunological synapse
formation
Immune response_IL‐3 signaling via ERK and
PI3K
G‐protein signaling_Regulation of CDC42 activity

TNFR2‐/‐
P value

TNFR2‐/‐
Direction

Wild type
P value

WT
Direction

1

0

2.59E‐09

‐1

1
1

0
0

3.83E‐06
6.95E‐06

‐1
‐1

1

0

0.000194

‐1

1

0

0.00072

‐1

1

0

0.007319

‐1

1

0

0.010542

‐1

1
1

0
0

0.014967
0.030273

‐1
‐1

1

0

0.050481

‐1

1

0

0.068075

‐1

1

0

0.079243

‐1

Table 8.8: Pathways that are significantly downregulated in the wild type animals that are not downregulated in the TNFR2
knockouts.

From Table 8.8, we can see that two of the top 4 pathways involve the negative regulation
of IL‐6 signalling. Interestingly, in chapter 5 my preliminary data using TNFR2‐/‐ animals
showed a massive IL‐6 response in BAL fluid (Figure 5.12). The physiological consequences
of excessive IL‐6 production in terms of the possible effects on pulmonary pathology have
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been discussed in chapter 5. To investigate these findings further, the up and
downregulated key hubs, along with their P values were plotted (Figure 8.15).

Key hubs upregulated in WT and TNFR2 ‐/‐ mice

Figure 8.15: P values for the WT and TNFR2‐/‐ Key Hubs were plotted using R. Key Hubs significant only in the TNFR2‐/‐
(dashed red line) and wild type (solid red line) were further analysed by separating them according to direction of
regulation.

Again, Figure 8.15 shows that there are similar P values between the wild type and TNFR2‐/‐
cells, although there are slightly higher P values in the TNFR2‐/‐ cells. Key hubs predicted to
be upregulated only in the TNFR2 animals are shown over leaf.
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Genes predicted to be upregulated in TNFR2‐/‐ macrophages only
Furin
IP3R1
miR‐17‐3p
NR2B

14‐3‐3 theta

c‐Abl

c‐Kit

ADA2
ADAM17
Adenylate cyclase
type I
AF‐9

Calgranulin A
Calgranulin B
CaMK I

CLIC4
CLOCK
cPKC (conventional)

G3BP1 (hdhVIII)
GAB1
GABP alpha

CAMK2A

DBS

AKAP1
ALK‐2
ALK‐4
ARHGEF3

CAMK2B
CAMK2D
CAMK2G
Cathepsin K

DDX25
DISC1
DNA polymerase beta
DNMT3A

ARID5B
ASXL1
ATM

DPPA3
E2F1
E3KARP (NHERF2)

ATR
BAG5
Bax
Beta‐2 adrenergic
receptor
BLNK
BMPR1A
BMPR1B
B‐Raf

CBX7
CCDC62
CCDC98
(Abraxas)
CCNH
CCR2
CD19
CD24

Gamma‐
synuclein
GLI‐3
GPIAP1
GP‐IB alpha
G‐protein alpha‐
13
Granzyme M
HBXIP
HES1

ECT2
Ephrin‐A receptor 7
ErbB4(ICD)
ESR1 (membrane)

CD4
CD74
CDC7
CDK3

Brca1
BRD3
C10orf90

JIP‐1
Kallikrein 2
Karyopherin
alpha 4
KLF15

miR‐184‐3p
miR‐185‐3p
miR‐188‐3p

NRAGE(MAGED1)
NRF3
NRHQR2

RAD23B
Raptor
RBM35A

TGF‐beta receptor
type I
TIRAP (Mal)
TISB
TLE

miR‐196b‐5p

NUAK1

RBM4

TLE2

LARG
LIN‐28
LINC00277
LIPIN1

miR‐369‐3p
miR‐502‐3p
miR‐520h
miR‐548m

OASL
P38IP
p90RSK1
PAK2

RBM9
RDC1
Reticulon 3
RHEB2

TRAP150
TRIM44
TRIM6
TTI1

LL37
LMTK3
LRRK2

miR‐605‐5p
MLCP (reg)
MLL1 (HRX)

PALB2
PAQR3
Pdx‐1 (IPF1)

ROCK
R‐Ras
SARA

UCHL5
USP13
UTX

HLJ1
HSP60
HTR2A
HUC

L‐selectin
Lyn
MAFbx
Magea11

MNAT1
MNK2(GPRK7)
mTORC1
MTS1 (S100A4)

PDZ‐RhoGEF
Peg10
PELP1
PGE2R4

SENP1
SH2B
Sin3B
SMAD3

VEGFR‐1
WASF2
YAP1 (YAp65)
YES

ESR1 (nuclear)
FALZ
FAST‐1/2
FBX22

IGF‐1
IL‐24
IL‐3 receptor
IL‐32 (NK4)

NEK1
Neuregulin 2
NF‐kB p50/c‐Rel
NF‐kB p50/p65

PHF2
PHF8
PIK3R3
PKC‐alpha

SMN1
SMN2
SMYD3
STAP‐2

ZDHHC21
ZFP385
ZNF370
ZNHIT1

CDK7

FEN1

IL6R

NGFR(TNFRSF16)

PKC‐epsilon

STK36

Zyxin

CDON
Cereblon

Fer
FOXP1

IL6ST
IMPK

MAPKAPK2
MEMO (CGI‐27)
microRNA 16‐1
microRNA let‐7a‐
2
microRNA let‐7a‐
3
miR‐127‐3p
miR‐138‐2‐3p

NOX4
NQO1

PKR
Profilin I

TELO2
TFII‐I

Table 8.9: Key Hubs upregulated only in the TNFR2‐/‐ animals. Some of the more interesting genes are highlighted and discussed further below.
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Protein kinase G1

From Table 8.9 we can see that NFκB1/RelA and NFκB1/cRel are predicted to be active,
along with MAPKAPK2 (MK2). To investigate whether there was a measurable effect in vitro,
I carried out a preliminary experiment looking at the phosphorylation of NFκB, and map
kinase 2 MK2 in primary BMDMs by flow cytometry (Figure 8.16). BMDMs from wild type
and TNFR2‐/‐ mice were generated as described in chapter 7, and placed into 24 well plates
at a density of 5x105/ml. They were then left as unstimulated controls, or stimulated with
125ng/ml TNF for 15 minutes.
Phosphorylation of NFκB and MK2, 15 minutes after being exposed to 125ng/ml TNF

Figure 8.16: BMDMs from TNFR2‐/‐ and wild type mice were cultured as previously described. They were stimulated with
125ng/ml TNF for 15 minutes before being harvested, permeabilised and stained with APC‐conjugated antibodies for
phosphorylated NFκB and MK2. N=2‐3 per group.

The release of NFκB dimers after degradation of their IKK anchors allows them to
translocate to the nucleus, however post‐translational modifications are required for full
activity. The anti‐body used in this experiment binds to phosphorylated Ser536 on RelA,
which is well accepted as an active marker of the canonical NFκB pathway.
The results from this experiment have low numbers as the availability of TNFR2‐/‐ animals
was low, however, the data in Figure 8.16 suggest that TNFR2‐/‐ macrophages have
increased levels of phosphorylated NFκB soon after TNF stimulation, compared with the
wild types.
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p38 Mitogen activated protein kinases (MAPKs) are a conserved subfamily of MAPKs
involved in the cellular response to stress. Activation of MK2 requires p38 MAPK mediated
phosphorylation of its Thr‐334, Thr‐222 and Ser‐272 [490]. The phospho‐antibody used
above recognises phosphorylated Thr‐334. After activation, the p38/MK2 complex is
exported from the nucleus to the cytoplasm, where it plays an important role in the pro‐
inflammatory cytokine response by stabilising the mRNAs via AU rich elements (AREs) for IL‐
1, IL‐6, IL‐8, ICAM1 and TNF [491], although the exact mechanisms behind this are largely
unclear [492]. In TNFR2‐/‐ macrophages, MK2 appears to be active, even without TNF
stimulation. It is, however, possible that plating out the macrophages, and allowing them to
adhere is a sufficiently stressful stimulus to trigger MK2 phosphorylation in the TNFR2‐/‐
cells.
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8.6 Discussion: Part 1
The purpose of this section of RNA‐seq analysis was to try and find out possible reasons why
the loss of TNFR2 was so deleterious after intra‐nasal LPS treatment. Using a combination of
pathway analysis using SPIA, and looking at the DEGs and key hubs I have identified various
possible processes that are regulated by TNFR2. Data from the TNFR1‐/‐ macrophages
discussed previously indicated that TNFR2 played an important role in the control of NFκB
responses, and potentially also in the regulation of MAP kinases, therefore these were
investigated in depth.

8.6.1 The type 1 interferon response
The key pathway data demonstrates that Type 1 interferon responses are significantly
different in TNFR2‐/‐ macrophages compared with the wild types. Type 1 interferons are
important mediators of the early viral response, resulting in increased Janus kinase/signal
transducer and activator of transcription (JAK/STAT) signalling, and subsequent upregulation
of other proinflammatory cytokines, altering cell communication and the induction of
apoptosis in infected cells [493]. The type 1 interferon response causes a positive feedback
loop, with early IFNs stimulating the expression of interferon response element 7 (IRF7),
resulting in increased IFN production and further signalling. Over exuberant type 1
interferon responses have been shown to be detrimental to the host, with systemic
overproduction leading to toxic shock syndrome in gram‐negative sepsis [494], and
endotoxin lethality [493].
Type 1 interferons have been shown to be inducible by multiple PRRs such as TLRs 3‐4 and
7‐9 [495, 496]. In addition, Yarilina et al demonstrated that TNF activated an interferon
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response element 1 (IRF‐1) dependent autocrine loop, which lead to sustained expression of
both chemokines and STAT1‐dependent type 1 IFN response genes in primary BMDMs
[497]. In this study, it was shown that knockout of either TNFR1 or TNFR2 partially reduced
the expression of various type 1 interferon reduced genes by PCR analysis, however, only a
small number of genes were analysed, and PCR only gives expression data rather than
looking at the possible activity of those genes. Our results suggest that TNFR2‐/‐ mice have
upregulation of type 1 interferon responses via PI3K and NFκB, which contradicts this
previous publication. The reasons for this are unclear, however, very different
methodologies were used. Instead of PCR analysis on a small number of genes and analysis
of one Irf element (IRF1), our study was a genome wide, high throughput transcriptomics
experiment with double the number of samples and many more data points. Our data
suggests that TNFR2 signalling may be actively suppressing the type 1 IFN response, and that
loss of TNFR2 signalling results in excessive type 1 IFN responses to TNF stimulation. As
exaggerated type 1 interferon responses have already been shown to increase endotoxin
lethality, these data may help to explain the sensitivity of TNFR2‐/‐ mice to intranasal
endotoxin shown in chapter 5.

8.6.2 Differential TRAF 2 signalling
The pathway maps presented in Figure 8.11 give some clues as to why the TNFR2‐/‐
macrophage pathways are so different to the wild types. In the wild type cells, there is no
upregulation of TRAF2, whereas in the TNFR2‐/‐ cells, TRAF 2 is 86% upregulated (according
to the input DEG list). TRAF2 is important for the activation of NFκB, by both TNF and by
IFNα [498]. TRAF proteins are major mediators governing cell activation, survival and the
anti‐apoptotic functions of the TNF receptor family.
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This increase in TRAF2 in the TNFR2‐/‐ mice results in increased predicted activity of NIK and
other IKKs (Figure 8.11), which are essential for the ubiquitination of I‐κB, and subsequent
NFκB signalling [233]. Possibly due to the decreased TRAF2 activity, wild type animals have a
higher predicted activity of I‐κB compared with the TNFR2‐/‐ animals, resulting in less
translocation of NFκB to the nucleus. Combined, these differences in NFκB regulation may
result in excessive NFκB signalling in the TNFR2‐/‐ animals.
Interestingly, TNFR2 has previously been shown to interact with TRAF2, and this has
previously been proposed as a possible mechanism by which TNFR2 modulates immune
responses [246, 250]. TNFR2 has been shown to be important for the degradation of TRAF2
via IAP1‐mediated ubiquitination [499]. The fact that we’re finding a predicted difference in
TRAF2 activity, alongside previous studies that identify TNFR2 as an important receptor in its
regulation, may suggest that at least some of the effects seen in the TNFR2 knockouts may
be due to increased levels of this molecule.
Yang et al have shown that TRAF2 can directly couple to the signal transducing IFNAR1
subunit of the IFN receptor [498], and that this results in the formation of p52‐containing
NFκB complexes. While the effects TRAF2 degradation been explored in relation to TNF
signalling, these data suggest that regulation of TRAF2 activity may be important in other
pathways, specifically the type 1 interferon response.
After looking at the pathway analysis, I moved on to focus on a small number of possible key
hubs that may tell us a bit more about the specific actions of TNFR2 in the modulation of
TNFR1 responses. Key Hub analysis sometimes gives slightly different results to pathway
analysis, because the hubs don’t require fitting into known pre‐existing pathways. As the
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pathway I was investigating may be new, it was essential that I looked at the key hubs
independently, as they may give us important clues as to the function of TNFR2.

8.3.3 TNFR2 as a regulator of IL‐6
As suggested by the pathway analysis, both IL‐6 and the IL‐6 signal transducer (IL‐6ST) have
increased predicted activity in the TNFR2‐/‐ animals only. This, combined with the in vivo
protein data (Figure 5.12E), and TNFR1‐/‐ data (Table 8.3) strongly suggest that TNFR2 plays
an important role in regulating IL‐6 expression after TNF stimulation. In addition, it is
interesting to see that VEGF receptor 1 (VEGFR1) activity also increases only in the TNFR2‐/‐
animals. IL‐6 has been shown to strongly induce vascular endothelial growth factor (VEGF)
production, which leads to enhanced angiogenesis and increased vascular permeability
[500]. The TNFR2‐/‐ animals had extensive vascular leak (Figure 5.11), therefore it is possible
that this was, at least in part due to high levels of IL‐6. In addition, IL‐32 signalling is also
predicted to be upregulated. This pro‐inflammatory cytokine can induce leukocytes, in
particular macrophages, to secrete pro‐inflammatory cytokines such as TNF and IL6, and
chemoattractants such as MIP‐2 [501].

8.3.4 TNFR2 and TACE
Another especially interesting upregulated key hub is ADAM17, also known as TACE. TACE
cleaves both TNFR1 and TNFR2 from the cell surface, and the soluble forms of these
receptors are thought to bind to and neutralise extracellular TNF [354]. While this action of
TACE is anti‐inflammatory, TACE is also known to cleave TNF from the surface of cells, where
it is then free to bind to TNFR1, leading to the induction of the TNFR1 signalling pathway
[210]. It is conceivable that TNFR2 acts to downregulate TACE production, resulting in a
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higher concentration of membrane bound TNF, which can then further bind to TNFR2 in a
regulatory feedback loop. If this were the case I would expect TNFR2 knockout to result in
an increase in soluble TNF in vivo, which we do see in Figure 5.12B. Macrophages are major
TNF producers, therefore increased levels of TACE in these cells may result in increased
release of TNF, which can then cause increased TNFR1 signalling in multiple cell types. This
may provide another mechanism by which TNFR2 controls TNF responses in vivo. While I
can’t say for sure whether the increase in TNF in the TNFR2‐/‐ animals was due to increased
TNF production, or increased TNF cleavage, this remains an interesting finding that warrants
further investigation.

8.3.5 TNFR2 and MCP1
The other chemokine shown to be upregulated in vivo was MCP‐1 (Figure 5.12), also known
as CCL2. A DEG and predicted key hub in the TNFR2 ‐/‐ macrophages was CCR2 (CXCR2), the
receptor for CCL2, which backs up the in vivo data. In chapter 5 I discuss the role of MCP‐1
signalling, in particular its effects on monocyte recruitment. The in vivo data showed
massive inflammatory monocyte recruitment in the TNFR2‐/‐ animals, suggesting that this
increase in CCL2 is having an effect on monocyte recruitment.

8.3.6 Conclusions
Bringing together both the pathway analysis and the key hub analysis, I can see that the
majority of the changes discussed can be explained by differences in NFκB and MAPK
signalling. As previously discussed, NFκB signalling involves the formation of hererodimers
between NFκB1 or NFκB2, and Rel proteins. The most commonly found heterodimer is
NFκB1/RELA [502], both parts of which are predicted to be specifically upregulated in the
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TNFR2‐/‐ macrophages (Table 8.9). This heterodimer, along with the NFκB1/c‐rel
heterodimer, is known to be strongly upregulated by TNF, and activates the classical NFκB
signalling cascade, leading to upregulation of IL‐6, IL‐1, TNF, VEGF, and the type 1 interferon
response [482, 503], all of which have been shown to be affected by the loss of TNFR2.
These data suggest that TNFR2 may be dampening down TNFR1 responses, possibly
involving IBP3, resulting in decreased NFκB signalling and subsequent cytokine production.
Data from some extremely preliminary experiments presented in Figure 8.16 shows
NFκB/RelA phosphorylation may be increased in TNFR2‐/‐ macrophages, backing up these
RNA‐seq findings. While thise experiment was preliminary, and conducted on small
numbers, the results do exactly replicate the RNA‐seq findings, which is very encouraging.
Further investigation is needed to clarify whether there is indeed excessive activation of
NFκB and MK2 in vitro, and also look at more of the key hubs to determine differences in
the functions of these genes.
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Chapter 9: Final Discussion – Where to next?
9.1 The development and characterisation of animal models
ARDS continues to present unique challenges to staff and patients in ICU. Despite advances
in supportive care, particularly including mechanical ventilation, and extracorporeal
support, mortality remains unacceptably high. TNF is known to play important roles in the
pathogenesis of ARDS, both within the lung and systemically. Previous attempts to block
TNF have been disappointing, in spite of the evidence that suggests TNF plays an important
role in the condition. For many years, our laboratory has focussed on this question, and
investigated specific blockade of TNFR1 in the condition. In collaboration with the GSK
Respiratory Discovery Performance Unit, we have previously shown that physiological
parameters in both VILI and acid induced ARDS can be improved by pre‐treatment with a
newly developed TNFR1 domain antibody. In this thesis, I present two models of ARDS. The
first was a single hit intranasal LPS model, and the second was a two‐hit intranasal LPS
followed by ventilation.

9.2 TNFR1 inhibition in the single hit model
In chapter 4 I show the development of the single hit LPS recovery model of ARDS. Our main
aim was to characterise a robust and clinically relevant model of ARDS, that I could use to
investigate the effects of TNFR1 blockade in later experiments. I also developed flow
cytometry protocols that could accurately and reliably identify different cell populations, in
particular AMs, and showed that they upregulate CD11b in response to LPS stimulation.
While this has been reported previously, it has only been shown in BAL samples, which may
not be representative of the AMs present in the lung. I also showed that these activated
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AMs upregulate the adhesion molecule ICAM1 and the enzyme NOS2, both markers of
classically activated macrophages.
Although there is no perfect animal model of human ARDS, the model presented in chapter
4 does share many of the important clinical features of the human condition, including a
clinically relevant decrease in PaO2/FiO2 by 48 hours after LPS administration. Other
physiological parameters including BAL protein and lung elastance demonstrated that
barrier permeability and subsequent pulmonary oedema, both key features of the human
condition, were evident in this model. As well as the physiological changes, there was
intense inflammation in the LPS model, which is almost always present in human ARDS. The
inflammation resolved over the first 96 hours after injury, whereas physiological parameters
returned to normal by 7 days. I also demonstrated that this LPS model is indeed a model of
lung injury as defined by the Berlin definition, rather than one confined to purely
inflammation, but only if you waited until the 48‐hour time point.
In chapters 5 and 6 I tested our hypothesis that blockade of TNFR1 signalling is beneficial in
LPS induced ARDS. I began these experiments by using a TNFR1‐/‐ strain of mice (Chapter 5).
It was helpful to begin testing the hypothesis in knockout animals because they avoid the
need to introduce possible confounding factors inherent in pharmacological intervention,
such as dose, route of administration, bioavailability, off target effects etc. In chapter 5 I
showed that TNFR1 knockout lead to a significantly different response to LPS administration
in terms of weight loss (Figure 5.2) and lung neutrophil influx (Figure 5.6). I saw some minor
changes in respiratory mechanics (Figure 5.4), however this was difficult to interpret.
While knockout mice provide useful information due to the avoidance of confounding
pharmacology related factors, they also have limitations. Chronic compensation for the
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genetic changes can lead to responses that are not typical in wild type animals. In addition,
the knockout of TNFR1 in all cells results in a different response to systemic TNF release
across the whole‐time course of the disease. Finally, it is known that TNFR1 can be cleaved
by TACE to release soluble TNFR1 into the extra‐cellular environment [210]. Soluble TNFR1
has been shown to have effects on the bio‐availability of TNF, and administration of soluble
TNF has been shown to reduce BAL neutrophils acutely after intratracheal LPS challenge in a
rat model [375]. The effects of soluble TNFR1 in LPS induced ARDS are still under
investigation. TNFR1‐/‐ animals have no soluble TNFR1 but can still produce TNF, which may
result in different TNF bioavailability and possible differences in TNFR2 signalling.
This would not reflect the clinical scenario I was aiming to model, in which patients possess
both TNF receptors, which may be cleaved by TACE. In the clinic, patients would receive
acute, pharmacological, intra pulmonary TNFR1 blockade. I therefore moved on to a pre‐
treatment model, designed to investigate the effectiveness of a novel TNFR1 domain
antibody on the development of LPS induced ARDS.
The intranasal dosing strategy developed in chapter 4 enabled us to investigate a pre‐
treatment intervention in the one‐hit model. While pre‐treatment models have their
limitations, it was important for us to test the TNFR1 blocker chosen (a TNFR1 domain
antibody), in a model that I had characterised well. The work done with the TNFR1‐/‐
animals in chapter 5 informed our expectations about the effects acute blockade would
have, aiding the interpretation of results after pharmacological inhibition. As seen in the
TNFR1‐/‐ animals, acute inhibition of TNFR1 resulted in less weight loss (Figure 6.1) and
reduced lung neutrophils (Figure 6.6), however, there was also a reduction in Ly6C+
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monocyte influx and reduced macrophage activation as measured by CD11b expression
(Figures 6.8 and 6.9).
Despite this, the physiological parameters of the injury (BAL protein, respiratory mechanics
and oxygenation) were unchanged. This was contrasts with findings from previous inspired
acid, or VILI models where the TNFR1 dAb afforded physical protection, without affecting
inflammation [175, 363]. This indicates that the mechanisms of injury in the LPS model were
very different to those in the previous models.
I did, however, present data (Figure 6.5) that suggested that the pre‐treatment model
resulted in injury in these animals may not have been severe enough to produce sufficient
physiological changes to give reliable results. The reasons for this are unknown, but I
suspect they are mainly due to the protective effects of isoflurane anaesthesia during pre‐
dosing i.e. prior to LPS administration. Isoflurane exposure has been shown to inhibit NFκB
signalling, leading to a reduction in leukocyte counts, NO production, and levels of systemic
pro‐inflammatory cytokines such as TNF, IL‐6 and IL‐1β, as well as reducing macrophage
activation and causing M2 polarisation [504, 505]. In previous models, isoflurane pre‐
treatment did not affect the degree of injury, possibly indicating that the response of AMs
plays a more important role in LPS induced injury than in VILI and acid induced injury
models. It may be possible to increase the dose of LPS slightly to overcome this problem,
however, this must be done with caution.
These data suggested firstly that there may have been a disconnect between inflammation
and leukocyte recruitment in the LPS model, and secondly it suggested that inflammation is
the reason for the weight loss observed. When looking for possible reasons for the
decreased leukocyte recruitment, I discovered that pharmacological inhibition of TNFR1
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lead to a significant reduction in the LPS induced activation of AMs to the CD11b+
phenotype.
This showed that TNFR1 inhibition was able to alter the response of resident AMs to LPS,
although it was not clear whether this was due to direct effects of the TNFR1 dAb on the
AMs or whether it was because the TNFR1dAb altered the response of other cell types,
resulting in a less pro‐inflammatory environment in the lung.
The main advantage of using a single hit model is the fact that there are fewer variables,
which make it simpler to interpret the results of an intervention. This advantage is also the
reason why single hit models may not accurately represent the clinical scenario. The use of
the single hit models was useful for comparing acute pharmacological, and chronic genetic
TNFR1 inhibition. I showed that acute blockade resulted in similarly reduced weight loss and
neutrophil numbers to chronic blockade, but that acute blockade also resulted in reduced
inflammatory monocyte influx alongside reduced AM activation.
By their nature, single hit models often well recreate specific aspects of ARDS, but they
should be chosen carefully, in the knowledge that that they do not accurately represent the
complexity of the human syndrome. ARDS frequently has multiple stimuli including sepsis,
pneumonia, trauma, ventilation and aspiration.
Although there was limited physiological data showing that acute TNFR1 blockade was
protecting animals from a single LPS hit, I did show some benefit in terms of the
inflammation. I wanted to investigate whether the apparent ability of the TNFR1 dAb to
limit inflammation could provide a therapeutic benefit in a more relevant clinical scenario.

9.3 TNFR1 inhibition in the two‐hit model
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In chapter 7 I showed the development of a compound model of lung injury, combining an
initial LPS stimulus with ventilation, once a clinically relevant injury had developed. This was
designed to be analogous to a human patient who would develop lung injury, then move to
ICU for supportive care including mechanical ventilation. In the clinic, patients are usually
unwell by the time they require ventilation, making pre‐emptive treatment impossible. To
account for this, our mice had no pharmacological intervention until they reached the peak
of disease, and were placed on a ventilator. This was a major improvement on previous
models, as I could investigate the effects of the drug when given to injured lungs, which are
a very different environment to the lungs of healthy animals. In this model, I showed that
inhibition of TNFR1 protected mice from VILI, even when the lungs were injured prior to
ventilation. The ability of this drug to overcome problems such as possible consolidation,
proteinaceous fluid, altered cell populations, prior cell activation and a pro‐inflammatory
cytokine environment, strongly supports its use in the clinic.
Interestingly, unlike in the one‐hit model, it was the physiology rather than the
inflammatory cell numbers present that showed the significant improvement after TNFR1
dAb treatment. This is likely to be because, in the two‐hit model, the inflammatory cells
were already present before the drug was given. While there was no significant difference in
the number of inflammatory cells present, I have shown that the response of AMs to
ventilation was significantly different after TNFR1 dAb treatment. TNFR1 inhibition
prevented the latent CD11b‐ AMs from upregulating markers of classical activation, and
reduced the expression of the same markers in primed CD11b+ AMs. This ties in with the
one‐hit model data, which also showed that the TNFR1 dAb prevented the switch from
latent to primed AMs (Figure 6.9).
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I hypothesised that ventilation in inflamed lungs caused the release of inflammatory
mediators from primed inflammatory cells, which resulted in biotrauma and eventually
death. Blockade of TNFR1 signalling appeared to interrupt this process, although the
mechanisms behind this require more investigation.
I have shown that TNFR1 inhibition resulted in the prevention of NOS2 upregulation in both
latent and active AMs, and ICAM upregulation in latent AMs, indicating reduced AM
activation induced by the second ventilation hit, and possibly indicating a reduction in
classical m1 macrophage polarisation. I have also shown that TNFR1 inhibition is able to
prevent NO production in response to inflammatory cytokines in macrophages in vitro.
These findings suggest that there is a direct effect of TNFR1 inhibition on the AMs, resulting
in a reduction of classical activation. It is however not clear whether the macrophages are
simple less active, or whether stimulation in the absence of TNFR1 signalling results in
differential activation and polarisation towards a different phenotype.

9.4 Future work with the TNFR1 dAb
9.4.1 How does reduction in AM activation result in protection, or are both the
result of a separate protective mechanism?
Despite the reduction in AM activation, in Figure 7.12 I showed that there was no difference
in the BAL cytokine levels, therefore further investigation of possible mechanisms by which
reduced AM activation could be protective requires investigation.
Possible avenues include:


T cell priming: very little is known about the role of T cells in ARDS, even
though they are major cytokine producers and can be directly influenced by
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AMs[506] as well as inflammatory cytokines such as TNF [507]. It is possible
that modified AM T cell interactions after TNFR1 inhibition may be an
interesting avenue to explore


Cytokine release: Although I investigated 13 cytokines, there are many that I
did not investigate. This was partly due to the loss of samples due to an
equipment failure. To gain more samples these experiments would need to
be repeated. It would be particularly interesting to investigate the production
of IL‐15, as the IL‐15 signalling pathway was shown to be upregulated in
TNFR1‐/‐ macrophages (Table 8.1).



Changes in the sequestration of TNF: The TNFR1 dAb may affect soluble
TNFR1 levels, resulting in more TNF being sequestered in the extra‐cellular
space.



Increased TNFR2 signalling: As TNFR1 blockade prevents the binding of TNF
to the TNFR1 receptor, it is possible that the TNF present in the extracellular
space stimulates TNFR2 more strongly. In chapter 8 I discuss the possible
outcomes of this at length but, in brief, they may include effects on IL‐15 and
IL‐2, which are both important for the generation and maintenance of FoxP3
T‐reg cells.

9.4.2 Investigation of other cell types in the two‐hit model
During this project, I was limited to 7 colour flow cytometry, which limited our ability to
analyse multiple cell types without conducting an impractically large number of
experiments. Due to the importance of AMs in LPS induced ARDS, I focussed on the
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response of these cells and the effect of TNFR1 inhibition on this cell type. While AMs are
doubtless very important cells in this condition, since TNFR1 is ubiquitously expressed, it is
highly likely that the TNFR1 dAb affects more than just AMs.
To better investigate the effects of TNFR1 inhibition on the influxing cells during LPS induced
ARDS, it would be very interesting to generate bone marrow chimeras, where the lungs are
shielded during radiation. This results in the resident cells being of host origin, and the
influxing cells being of donor origin. These have been used in previous studies to separate
resident from influxing cells [161], and provide certainty about the origin and fate of the cell
types of interest. Janssen et al have shown that resident AMs persist throughout the LPS
disease course [161], but the phenotype of the influxing cells throughout the disease course
requires clarification.
In addition to inflammatory cells, the effects of TNFR1 inhibition on caspase 8 mediated
death signalling in the two‐hit model is an important research area. Previous experiments
have shown that caspase 8 signalling, while a feature of acid induced ARDS, is not present in
a single hit LPS model [66, 370]. I therefore focussed our research on other areas, however,
more recent work has suggested that LPS combined with a second stimulus may trigger this
signalling pathway [370]. This is currently under investigation.

9.5 Investigation of the role of TNFR2 in ARDS
Previous studies have shown different roles for TNF receptors 1 and 2, with TNFR1 signalling
being deleterious, and TNFR2 signalling being protective [175, 264, 265, 363]. I repeated
these findings in our one‐hit LPS model and showed that, while blockade of TNFR1
demonstrates various protective effects, knockout of TNFR2 results in an exaggerated
response to LPS, characterised by a rapid breakdown of the alveolar epithelial barrier, and
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massive recruitment of leukocytes (Figure 5.10, 5.11). It isn’t clear whether there is a
causative relationship between these two events, or whether they are both the result of a
dysregulated response to LPS, however, this experiment demonstrated that TNFR2 is playing
an important immunoregulatory role in this model. Due to the speed of the response, and
the fact that macrophages are known to have high levels of both TNFR2 and TLR4, and are
key modulators of the immune response, I decided to thoroughly investigate the role of
TNFR2 signalling in these cells.
While the downstream signalling events after TNFR1 ligation are well understood, the
effects of TNFR2 signalling are still under investigation. During this project, I performed an
ambitious RNA‐sequencing experiment, aiming to further our understanding of this
important receptor.
Since relatively little is known about TNFR2 signalling, the RNA‐sequencing described in
chapter 8 was designed as a hypothesis generation experiment. I began the process of
exploring some of these findings, and showed that both MCP‐1 and IL‐6 showed significantly
increased predicted activity in TNFR2‐/‐ cells, and protein levels in vivo (Figure 5.12E&F). In
addition, in chapter 8 it was predicted that NFκB and MK2 would have increased signalling
activity in TNFR2‐/‐ mice, which was verified using phospho‐kinase staining in vitro. These
findings open multiple avenues to explore, studying how TNFR2 is able to modulate TNFR1
signalling, and unique TNFR2 mediated signalling events.
The most promising avenues for future work include:


Investigation of the type 1 interferon response in TNFR2‐/‐ animals compared with
wild types: In Chapter 4 I showed that TNFR2‐/‐ animals exhibited exacerbated injury
after LPS administration. In Chapter 7 I revealed that multiple pathways relating to
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the Type 1 interferon response were active in TNFR2‐/‐ macrophages, that were
suppressed in TNFR1‐/‐ cells. It would therefore be very interesting to investigate the
levels of type 1 interferons in TNFR2‐/‐ animals after LPS administration.


Further analysis of NFκB signalling in macrophages: In particular, looking at the
activity of the individual members of the IKK complex, and the dimers formed after
TNFR1 and TNFR2 ligation



Analysis of TRAF2 recruitment in wild type, TNFR1‐/‐ and TNFR2‐/‐ macrophages:
TNFR2 has been shown to be able to bind to TRAF2, but it is possible that this is part
of a regulatory mechanism in which TNFR2 prevents the recruitment of TRAF2 to
TNFR1



Investigation of MAPK signalling in wild type, TNFR1‐/‐ and TNFR2‐/‐ macrophages.
TNFR2‐/‐ animals had increased predicted activity of MAPK signalling pathways,
indicating a regulatory role of TNFR2 in these cells. This was further backed up by the
finding that MK2 phosphorylation was increased in TNFR2‐/‐ cells, but the
mechanism by which this happens is an exciting topic for further investigation



Investigation of macrophage/T cell interactions: This is an extremely complex area,
however, data from chapter 8, and from previous studies, indicates that T cell
modulation is an important action of TNFR2 [253, 255, 449]



Proteomic analysis of TNF stimulated TNFR1‐/‐, TNFR2‐/‐ and wild type
macrophages: In chapter 8 I investigated signalling events that were affected by
TNFR2. RNA‐seq is an extremely powerful tool for the investigation of signalling
pathways, but does not necessarily tell us what proteins are actually made, as some
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mRNAs are post‐transcriptionally regulated, therefore are not translated into
proteins. Investigation of the proteome would be a fascinating addition to the
transcriptomic data presented in chapter 8.


Investigation of TNFR2 signalling in other cell types: During the preparation for the
RNA‐seq experiment, splenocytes from the wild type, TNFR1‐/‐ and TNFR2‐/‐ animals
were frozen for future use, therefore it will be possible to use these in future to
investigate signalling pathways in T cells. Investigation of TNFR2 signalling in further
cell types will also be necessary to gain a full understanding of this receptor,
however, more knockout mice will be needed to do this.

9.6 Limitations of the study
There are a number of limitations of the study that must be addressed before we can move
on to translating the work described in this thesis.
1) Investigation of epithelial responses in the 2‐hit model
In this thesis I’ve investigated some of the possible mechanisms underpinning the
physiological protection seen in TNFR1 dAb treated mice, however, I’ve focussed on
inflammatory cell responses – especially in AMs. It is vital to consider the alveolar
epithelium, AEC dysfuction and death are likely to be major factors in
2) Limitations of the in vivo modelling
I have previously discussed other limitations of animal modelling, including the reduced
maximum severity of disease achievable outside of the ICU setting, difference in genetics
between mice and humans, and the fact that animal models tend to each replicate certain
features of ARDS instead of the whole condition. Although the models I developed in this
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thesis aimed to closely replicate the clinical ARDS scenario, as previously discussed it is not
possible to fully replicate the complex situation in ARDS patients.
In man, ARDS patients often have significant co‐morbidities besides age, such as underlying
diseases. These remain under investigated due to the difficulty and expense of replicating
them in animal models. The age of mice used in these experiments was ~12 weeks i.e.
immunologically mature but still very young. Epidemiological studies in human populations
show that incidence and mortality in ARDS increase with age [508, 509], therefore the use of
young mice may not be as clinically relevant as the use of older animals.
3) Limited in vivo work using TNFR2‐/‐ mice
Unfortunately, difficulties with breeding TNFR2‐/‐ animals limited the amount of in vivo and
in vitro work that could be performed. I intended to run a time course experiment with
TNFR2‐/‐ animals, allowing us to look at the development and resolution of LPS induced
ARDS in these animals. Their susceptibility to LPS made this impossible, therefore I have
only investigated the very initial phases of disease in these animals. Reducing the dose of
LPS may allow further study using the LPS model in the TNFR2‐/‐ mice, but this complicate
the comparison of the LPS response with the wild type animals.
4) Difficulty in the stimulation of TNFR2 in vitro
One of the main problems faced was the fact that TNFR2 can only be fully activated by
membrane bound TNF. This has made the study of this receptor very difficult. In Chapter 7 I
present RNA‐seq data from TNFR1‐/‐ animals, which are only capable of responding to TNF
via TNFR2. I did show some transcriptomic changes between stimulated and unstimulated
cells, however, the fold changes seen were far lower than in the other two genotypes. It is
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possible that TNFR2 stimulation just doesn’t produce large RNA fold changes, however, it is
also possible that the soluble TNF used for stimulation wasn’t able to fully activate the
pathways, despite the high concentration being used. There is no commercially available
form of TNF that is known to fully activate TNFR2, however, very recently a new antibody
(TNF‐RII HM102 Hycult Biotech) has been produced that increases the affinity of TNFR2 to
soluble TNF. It would be very interesting to repeat the RNA‐seq using cells from TNFR1‐/‐
animals, with the addition of this novel monoclonal antibody.
Despite these limitations, during this thesis I have demonstrated that the specific inhibition
of TNFR1 is a promising therapeutic strategy, which may be used to prevent further injury in
patients with pre‐existing ARDS. I have also generated data that suggests many possible
novel functions of TNFR2, which may help to explain the protective effects of this receptor
in vivo. Better understanding of the TNFR2 specific pathways may allow the future
development of TNFR2 specific therapies, with applications across a range of conditions.
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