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Abstract

Idiopathic pulmonary fibrosis (IPF) is a chronic fibroproliferative disease characterised
by the accumulation of scar tissue within the lung parenchyma. The pathogenic
mechanisms underlying the disease remain incompletely understood but involve
aberrations in repair pathways. The role of macrophages in IPF has gained interest due
to their recognised contribution in orchestrating repair. In health, lineage tracing has
revealed that lung macrophages are established in early development and undergo self-
renewal. Following injury however, these populations become depleted and there is
evidence from murine models that infiltrating monocytes differentiate into macrophages
and potentiate fibrogenic processes. | hypothesised that monocytes may be
phenotypically and functionally distinct in IPF and contribute to the process of fibrotic

over-repair.

To test this, peripheral blood monocytes from IPF patients were immunophenotyped and
the expression of genes and proteins associated with inflammatory and repair processes
were analysed. Given that IPF exclusively affects the lung tissue, monocytes were
differentiated into macrophages using autologous serum to determine whether they
expressed pro-repair characteristics. | examined key macrophage functions including
ROS generation, phagocytosis and efferocytosis. Lastly, | assessed the influence of

monocyte-derived macrophages (MDMs) on fibrogenic endpoints.

My data revealed that monocyte levels were higher in IPF patients and correlated with
fibrotic burden on CT. CD64 was increased on IPF monocytes and a higher proportion
of CD64°CD163" cells underwent early apoptosis. IPF MDMs on day 7 showed greater
retention of the monocyte marker CD14, alongside lower CD64 and CD86 expression.
ROS generation, phagocytosis and efferocytosis were impaired in IPF MDMs. gPCR of
Day 7 MDMs revealed up-regulation of both pro-injury genes, TNFa and STAT1, and
pro-repair genes including GR, PPAR-y, LGALS3 and AREG. Both IPF and control
MDMs increased fibroblast proliferation and expression of HAS2, IL-6 and MCP-1 but
differences were not observed between groups. MDMs collectively inhibited the process

of EMT in an epithelial cell line.

The increase in monocyte levels and correlation with fibrotic extent suggests a role for
these cells in the pathogenesis of IPF. Impaired efferocytosis and the up-regulation of
genes associated with both injurious and reparative processes in IPF MDMs may

potentiate tissue damage and promote fibrogenesis in vivo.
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1 Introduction

1.1 Idiopathic Pulmonary Fibrosis (IPF)
1.1.1 Background

Idiopathic pulmonary fibrosis (IPF) is a chronic fibroproliferative disease exclusively
affecting the lungs. It is characterised by the irreversible accumulation of scar tissue that
gradually replaces the normal lung parenchyma and leads to symptoms of exercise
intolerance and dyspnoea. As the fibrosis progresses, exertional hypoxia and pulmonary
hypertension can develop and respiratory failure and death usually ensue [1]. IPF has
been classified as a rare disease but evidence from national UK databases indicates that
the incidence is increasing; at present, there are estimated to be 7-9/100,000 new cases
per year in the UK and a prevalence of 15-25/100,000 (BTS registry annual report
2013/14). This however may be an underestimation as a recent US study examining

Medicare claims over ten years found a far higher prevalence of 93.7/100,000 [2, 3].

By definition, the aetiology of IPF is unknown but the pathological process is likely to
arise due to environmental stimuli triggering an injurious response within a genetically
predisposed individual. Men are more commonly affected, with a ratio of 3:2. The
reasons for this are unclear although it may be related to risk factors which include
smoking and exposure to wood and metal dusts [2]. Possible disease triggers such as
viruses and gastro-oesophageal reflux (GOR) have been investigated and appear to be
associated with IPF in a subset of patients, although direct causality has not been proven
[1]. More recently, there has been greater focus on the genetic contribution following the
identification of specific mutations found in familial forms of pulmonary fibrosis. Mutations
in genes encoding telomerase and surfactant, and polymorphisms in the MUC5B gene
amongst others, have shed light on pathogenic pathways and led to the discovery that
the frequencies of these mutations are significantly higher in the IPF population. Indeed,
a familial link in patients with IPF is seen in anywhere between 2-20% of cases [4]. Age

is an important risk factor with an average age of onset of 70 (BTS registry 2013/14).

Until recently, there have been no effective therapeutic strategies to target the relentless
nature of the disease and the median life expectancy following diagnosis is between 2 -
5 years. It is anticipated that the availability of two novel anti-fibrotic drugs, Pirfenidone
and Nintedanib, should improve this prognosis by slowing down the progression of the
disease [5]. However, evidence for use of these therapies is derived from patients with

mild to moderate disease (forced vital capacity (FVC) 50-80% predicted) and in those
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with advanced disease, there remains an absence of therapeutic options [6, 7].
Furthermore, there is no treatment to improve outcome for patients who suffer episodes
of acute worsening of their disease (termed acute exacerbation), which carries a

mortality of over 50% [8].

1.1.2 Clinical Features

The disease is characterised clinically by insidious and progressive breathlessness, with
the history often predating the diagnosis by many months and often years [9]. Cough is
a common symptom and may be the presenting complaint. Over time, symptoms
deteriorate, and exertional and subsequently resting hypoxaemia can develop, which
may result in secondary pulmonary hypertension, exacerbating dyspnoea further. IPF is
a highly heterogeneous disease, however, with some patients surviving long term with
only minimally progressive symptoms whilst others decline rapidly into respiratory failure
only months after presentation. Patients may experience a stepwise deterioration in
symptoms and lung physiology, with periods of relative disease stability in between (Fig
1-1) [10]. At the time of diagnosis, it rarely possible to determine the disease course a
patient will take and therefore careful follow-up and monitoring of pulmonary function
tests (PFTs) are essential, particularly in the first 18 months, to ascertain the nature of

the disease and enable early intervention if necessary [5, 7]

Figure 1- 1. Graphical representation
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Physical examination typically reveals the presence of ‘velcro’ crackles on auscultation,
predominantly bilaterally and in the lower zones of the chest. Clubbing is present in 50%
[1]. The presence of features suggestive of connective tissue disease effectively
excludes the diagnosis of IPF. PFTs usually show a restrictive defect with an FEV1/FVC
ratio of greater than 70%, unless there is co-existent airways disease. The lung volumes
are reduced alongside the gas transfer for carbon monoxide (TLCO). Co-existent
2



emphysema may be present in up a third of patients and artificially inflate the functional

vital capacity whilst disproportionately lowering the TLCO [11].

1.1.3 Diagnostic Features

Usual interstitial pneumonia (UIP) is a term that encompasses a number of specific
histological and radiological features most classically associated with IPF. UIP is not
unique to this disease however, and it can be seen in the context of connective tissue
disease (in particular rheumatoid disease), sarcoidosis, drug toxicity, asbestosis and
chronic hypersensitivity pneumonitis. Thus, careful exclusion of these conditions is

necessary before a diagnosis of IPF can be made [12].

The radiological appearances of UIP include a basal subpleural distribution of disease,
the presence of honeycombing with or without traction bronchiectasis, reticular
abnormality (fine fibrosis) and an absence of any features considered inconsistent with
UIP such as the presence of extensive ground glass (inflammatory) changes and
nodularity (Fig 1-2). If all UIP features are present, a ‘definite diagnosis’ of IPF can be
made in a patient without a known cause of UIP. In a significant proportion of patients
however, typical CT features are not present and the ATS/ERS/JRS/ALAT statement
provides guidelines enabling a definite, probable or possible diagnosis of the disease to
be made depending on the radiological features present (Table 1-1). The NICE Clinical
Guidelines published in 2013 also acknowledge the diagnostic difficulty that can occur
and recommend that all suspected cases of IPF be reviewed by a multi-disciplinary team
with expertise in interstitial lung disease, including a consultant radiologist, pathologist

and specialist ILD chest physician [7].



UIP Pattern Possible UIP Inconsistent with UIP pattern

(all four features) (all three features) (any of the following)

Subpleural, predominantly Subpleural, predominantly Disease in predominantly upper or

basal distribution of basal distribution of disease mid -zone distribution

disease

Reticular abnormality (fine Reticular abnormality Disease clustered around bronchioles
fibrosis) and vasculature

Honeycombing with or Absence of features listed  Extensive ground glass abnormality

without traction as inconsistent with a UIP
bronchiectasis pattern (see third column)
Absence of features listed Profuse micronodules

as inconsistent with a UIP

pattern (see third column)

Subpleural, predominantly all three features Discrete cysts (multiple, bilateral,
basal distribution of away from areas of honeycombing
disease

UIP Pattern (all four Diffuse air trapping

features)

Consolidation

Table 1-1.The radiological criteria for a diagnosis of UIP.
Adapted from the ATS/ERS/JRS/ALAT Statement for IPF 2011[13]

Figure 1- 2. Computed tomography images of a normal and IPF lung.
Normal lung (left) and IPF lung (right). Green arrows demonstrate areas of honeycombing and orange arrow
shows area of reticulation.

In cases of diagnostic uncertainty, a surgical lung biopsy may be appropriate in patients
who are able to tolerate the procedure. The histopathological features of UIP comprise

spatial and temporal heterogeneity with patches of new and established fibrosis
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interspersed with areas of normal lung tissue. The presence of fibroblastic foci is
pathognomonic of the disease. They consist of aggregates of proliferating fibroblasts and
myofibroblasts that secrete components of the extracellular matrix and precede fibrotic
change (Fig 1-3). Inflammatory cell infiltrates may be present in small numbers, but if a
prominent feature, suggest an alternative diagnosis to UIP. Alveolar walls become
thickened with excessive collagen deposition leading to architectural distortion and
destruction. These areas of fibrotic cystic change are referred to as honeycombing and
represent end-stage fibrosis. Similar to the radiological criteria, histological findings have

also been categorised to provide a guide as to the probability of UIP (Table 1-2).

UIP Pattern Probable UIP Pattern Possible UIP Pattern Not a UIP Pattern

(all four criteria) (all three criteria) (any of the six criteria)

Evidence of marked fibrosis, Evidence of marked fibrosis, Patchy or diffuse lung Marked interstitial inflammatory
architectural distortion +/-  architectural distortion +/- fibrosis, with or without  cell infiltrate away from
honeycombingin a honeycombing interstitial inflammation  honeycombing

predominantly subpleural

distribution
Patchy areas of fibrosis Absence of either patchy Absence of other criteria Hyaline membranes or
fibrosis or fibroblastic foci,  for UIP (see UIP pattern organising pneumonia (exceptin
but not both column) cases of acute exacerbation)
Fibroblastic foci Absence of features against Absence of features Presence of granulomas
a diagnosis of UIP (see against a diagnosis of
fourth column) UIP (see fourth column)
Absence of features against OR Predominantly airway centered
a diagnosis of UIP (see Honeycomb changes only changes

fourth column)
Other features suggestive of an

alternative diagnosis

Table 1-2. The histopathological criteria for a diagnosis of UIP.
Adapted from the ATS/ERS/JRS/ALAT Statement for IPF 2011[13].



Figure 1- 3. The histopathological appearances of healthy and IPF lung tissue.

Histological section of healthy lung showing thin-walled alveoli (left) contrasted with the typical features of
UIP (right). The histological sample on the right shows dense fibrosis with collagen bundles (long arrow),
fibroblastic foci (short arrow) underneath a layer of abnormal hyperplastic alveolar epithelium.

1.1.4 Acute Exacerbations

Patients with IPF are often elderly and therefore susceptible to the common causes of
acute respiratory decline such as heart failure and pneumonia and there is evidence that
IPF increases the risk of pulmonary emboli. Patients with IPF may also experience an
acute worsening or exacerbation of their disease resulting in increased breathlessness
and hospital admission in the majority of cases. Acute exacerbations (AE) carry an
exceptionally poor prognosis with a 3-month mortality of over 50% and a significant step-
down in functional status in those who survive. The term ‘acute exacerbation’ has been
defined by consensus opinion as: a worsening of dyspnoea over 30 days or less, new
airspace changes on HRCT (Fig 1-4), and exclusion of other causes such as heart
failure, pulmonary emboli and infection [14, 15]. More recently, the necessity of excluding
infection has been questioned due to the realisation that it is often not clinically feasible
to exclude it with certainty (bronchoscopy often contraindicated on the basis of low
oxygen saturations for example) and the increasing evidence that infection may act as
an initial trigger for an acute deterioration in the disease process [15]. In a subgroup
analysis following the STEP-IPF trial (Sildenafil Trial of Exercise Performance in IPF),
investigators analysed the outcomes of patients with ‘Definite acute exacerbations’, (in
which infection and alternative causes for decline had been excluded), to patients with
‘Suspected acute exacerbations’ who had identical features of AE but without the
stringent exclusion of associated causes. No differences between the two groups were
demonstrated, including quality of life measures, six minute walk test, lung function
parameters or mortality [16]. Thus ‘Acute Exacerbation’ is probably best considered a

term that describes a clinical and radiological decline that is likely to be caused by a
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number of triggers (of which infection is probably the most common), but in a proportion

of patients may be a truly idiopathic phenomenon.

At present, relatively little is understood regarding the pathogenesis of AE and it is
unclear whether these events represent an acceleration of the disease process or a
separate pathological event within a predisposed diseased lung [14]. The histological
picture is that of diffuse alveolar damage, which is an acute and nonspecific reaction of
the lung to a multitude of injurious agents and is characterised by the presence of hyaline

membrane formation and oedema following endothelial and alveolar cell injury [17].

Figure 1- 4 Radiological appearances of AEIPF.
Progressive CT changes in a patient with stable IPF (left), early exacerbation and more severe exacerbation.
Acute exacerbations are defined radiologically as new airspace changes indicated by the presence of ground
glass opacification and/or multi-focal consolidation.

1.1.5 Pharmacological treatment of IPF

Pharmacological management of patients with IPF has changed significantly over the
past few years with the development and subsequent licencing of two anti-fibrotic agents,
Pirfenidone and Nintedinab. Large, international, randomised controlled trials were
undertaken to assess the efficacy of these agents and a reduction in the rate of lung
function decline after one year was demonstrated with both agents. In addition, following
adjudication of the acute exacerbation data, Nintedinab use was found to be associated
with a reduced incidence of this complication. Extension studies looking at the long-term
safety of Pirfenidone indicate an emerging mortality benefit in these who continue on the
drug long term (4.1 for details) [18-20].



Pirfenidone was the first orally available anti-fibrotic drug approved for use in the UK by
NICE in 2013 for patients with mild-moderate IPF [21]. Its exact mechanism of action is
unknown but in a murine model of fibrosis, administration of Pirfenidone led to a
reduction in the production of key profibrotic cytokines including TGF 3, IL-1 8 and FGF.
A decrease in lung collagen content and fibrosis scores was demonstrated and
proliferation of fibroblasts was attenuated indicating that Pirfenidone acts by inhibiting
important fibrogenic pathways [22]. Nintedanib is an intracellular triple tyrosine kinase
inhibitor that binds competitively to receptors to VEGF, PDGF and FGF blocking
downstream signalling pathways. These growth factors are recognised mediators of
fibrogenic pathways and, as with Pirfenidone, the administration of Nintedanib following
bleomycin lung injury in mice resulted in reduced inflammation and fibrosis. The inhibition
of fibroblast function is thought to be the main mechanism by which Nintedanib

modulates the disease processes in IPF [23].

Treatment for acute exacerbation is currently very limited and entirely without an
evidence base. Antibiotics are invariably prescribed to treat possible infection, regardless
of the clinical findings, and in the majority of cases, patients are treated with high-dose
prednisolone, usually in the form of pulsed methylprednisolone for three days. The
rationale behind its use is the notion that the deterioration in the disease may in part be
caused by a superimposed inflammatory component within the scarred lung. Whilst a
subset of patients respond to steroid therapy, in the majority of cases it does not appear

to change the course of the decline [24].

1.2 Pathophysiology of IPF
1.2.1 Models of lung fibrosis

Uncovering mechanisms involved in the development of IPF has been a slow and difficult
process although important discoveries have been made in recent years. Light has been
shed on some of the major pathogenic pathways, resulting in the development of
effective therapeutic agents. Part of the difficulty in understanding the pathogenesis of
the disease is the lack of a representative animal model. Bleomycin is most commonly
used to induce murine lung fibrosis but the pathological consequences poorly replicate
the IPF lung. Bleomycin-induced lung injury results in a period of dense inflammation
that precedes fibrotic change and the fibrosis itself often recedes over time as restorative

mechanisms are activated to return tissue to health [25, 26]. In IPF, the role of
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inflammation remains controversial and the presence of a significant inflammatory cell
infiltrate on histology contravenes a diagnosis of UIP [13]. Furthermore, in IPF the fibrosis
is progressive and irreversible with no sign of regression [27]. In the last two decades,
the central paradigm that fibrosis only arises as a result of chronic inflammation has been
overturned and experimental models have demonstrated that fibrosis can develop
independently of inflammation [28]. Thus, whilst the use of bleomycin-induced lung injury
has contributed to our understanding of fibrosis generally, it has limited usefulness in

enabling investigators to unravel the processes occurring in IPF specifically.

The prevailing hypotheses surrounding the pathogenesis of IPF have thus been largely
derived from a number of indirect sources of which clinical research has played a major
contribution. Epidemiological and clinical studies have defined the characteristics of the
disease, its natural history, and the environmental factors associated with its
development [2, 27, 29-31]. Investigating the genetic mutations that underlie familial
forms of lung fibrosis has advanced our understanding of the disease considerably and
genome-wide studies involving patients with IPF and other fibrotic lung diseases have
identified polymorphisms in similar genes to those seen in genetic forms of the disease
[4, 32-36]. The role of immune cells and soluble mediators have been evaluated through
BAL fluid and blood analysis [37-43]. Examination of IPF lung tissue, when available,
has contributed to current concepts and validated animal model data [44-47].
Furthermore, the failure of drugs with isolated molecular targets (such as TNFa and
IFNy) to inhibit disease processes has shed light on some of the redundant and non-
redundant molecular pathways in IPF and highlighted the complexity of the disease [48,
49]. However, whilst these combined approaches have furthered our knowledge of the
disease substantially, the precise pathogenic mechanisms involved (and how to inhibit

them) remain elusive.

1.2.2 Alveolar epithelial cell injury

Selman et al. (2001) [50] first put forward the hypothesis that IPF was initiated by injury
to the alveolar epithelium resulting in an aberrant healing response leading to the
accumulation of extracellular tissue. This proposition has subsequently become the
prevailing theory and is supported by genetic work showing that mutations and
polymorphisms within alveolar epithelial cells (AEC) genes are linked to the development
of lung fibrosis (see below) [4, 32]. In IPF, the alveolar epithelium is grossly abnormal

and fibroblastic foci are often seen in close proximity to denuded, apoptotic or
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hyperplastic alveolar epithelium. It is postulated that AECs provide the primary source of
profibrotic cytokines, chemokines and growth factors mediating fibrotic responses [28,
51]. Indeed, studies have demonstrated that AECs can synthesise PDGF, TGFR3 and
TNFa in abundance [51]. These mediators in turn are thought to induce the migration,
proliferation and activation of fibroblasts resulting in the production of excessive

extracellular matrix (ECM) and eventual destruction of lung architecture (Fig 1-5) [52].
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Figure 1- 5. Alveolar cell injury and the precipitation of a profibrotic cascade.

In IPF it is postulated that AEC injury induced by external triggers results in loss of cellular integrity and
defective regenerative responses. Alterations in AECs that occur in aging, including telomere shortening,
cellular senescence and impaired autophagy, predispose to aberrant activation of the AEC. The secretion
of soluble mediators by AEC subsequently results in the local proliferation, migration and
differentiation/activation of fibroblasts into collagen-secreting myofibroblasts leading to the deposition and
accumulation of ECM. Adapted from Selman et al. [52]

1.2.3 Genetic susceptibility to lung fibrosis

To elucidate the pathogenic pathways in IPF, there has been a focus on examining
familial forms of the disease. Conditions such as Hermansky-Pudlak syndrome (HPS)
and dyskeratosis congenita have a clear genetic basis and are associated with
pulmonary fibrosis. Mutations and polymorphisms in genes have been identified that are
predominantly expressed by type Il alveolar epithelial cells, supporting the hypothesis
that this cell type is a key player in the pathogenesis of the disease [4, 32, 35, 53]. These
cells produce surfactant, essential for reducing surface tension and enabling alveolar
inflation. They also regenerate the epithelium, and are capable of differentiating and
replenishing type | AECs [54]. HPS is caused by mutations in genes encoding proteins
involved in lysosomal intracellular trafficking resulting in the pathologic accumulation of

lipid-protein complexes within cells such as type Il AECs (AECII), which eventually leads
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to pulmonary fibrosis in the 4™ and 5" decades [53]. Mutations in genes encoding
surfactant protein C and A2 have also been uncovered in familial forms of pulmonary
fibrosis. These result in the aggregation or misfolding of surfactant proteins within the
endoplasmic reticulum (ER) and subsequent retention within the cell. This leads to ER
stress and its key function in the synthesising, folding and packaging of proteins
becomes compromised [55]. Activation of pathways that aim to increase the ER capacity
are subsequently triggered, such as the unfolded protein response (UPR). However,
when demand outweighs this capacity, proteins such as IRE1a are trans-
autophosphorylated triggering both apoptotic and profibrotic pathways [56]. Patients with
IPF have increased markers of UPR and biopsy samples reveal histological evidence of
an abnormal hyperplastic and denuded alveolar epithelial cell layer [56]. The causes of
ER stress in sporadic cases have not been identified with certainty but proteins from
Herpesviruses have been found to co-localise with proteins involved in UPR implicating

viruses as potential triggers [36] (Section 1.2.5).

IPF is rarely encountered in young patients and is generally viewed as a disease of older
age. Individuals in the 8™ and 9" decade may show UIP changes at the bases of their
lungs on CT that often confer no clinical significance and can be attributed to an aging
lung [57]. Mutations in genes TERC and TERT, which code for telomerase enzyme
components, form the genetic basis of dyskeratosis congenita, a disease which is
characterised by premature aging [58]. Telomerases elongate telomeres, which are
repetitive DNA sequences positioned at the ends of chromosomes. Telomeres shorten
with every cell cycle and eventually reach a critical point resulting in either cellular
senescence or a DNA damage response leading to apoptosis [59]. Researchers thus
questioned whether age-related gene mutations may play a role in the development of
pulmonary fibrosis [33, 36, 60]. Genetic sequencing of familial cases subsequently
identified that approximately 8% were associated with telomerase mutations [34]. Whilst
only 1% of sporadic cases revealed similar mutations, a further study found that a
significant proportion of IPF patients have shortened telomeres within AECs [33]. The
significance of this finding is unclear but following AEC injury, short telomeres may
compromise the ability of these cells to proliferate and regenerate damaged areas
resulting in activation of DNA damage responses and pro-apoptotic pathways [33, 61].
Shortened telomeres may also partly explain the presence of seemingly benign UIP

changes seen in individuals at the extreme of age.

A large genome-wide association study looking at familial and sporadic cases of

pulmonary fibrosis was undertaken in 2011 to look at possible genetic risk factors for the
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development of the disease. High frequencies of specific single nucleotide
polymorphisms (SNP) were noted in genes including MUC5B, which encodes mucin (a
major constituent of mucous); DSP, which encodes desmoplakin (a component of
desmosomes that are important for cell-cell adhesion), and genes influencing telomere
length. Furthermore, the MUC5B SNP correlated with increased expression within the
tissue of patients compared with controls [32]. The pathological significance of these
polymorphisms has yet to be elucidated but indicates that genetic factors influence host

susceptibility to pulmonary fibrosis.

1.2.4 Environmental factors and the ‘Second hit’ hypothesis

Genetic mutations and polymorphisms are not enough to directly induce fibrotic lung
disease. ER stress was demonstrated in transgenic mice expressing a mutant form of
surfactant protein C in AECII resulting in the protein misfolding within the cell, but these
mice did not develop lung fibrosis in the absence of a second profibrotic stimulus. When
bleomycin was given however, these mice developed exaggerated fibrosis [62]. The
‘second hit’ hypothesis has thus become established in the pathogenesis of IPF, which
proposes that an additional environmental insult is required for disease development and
progression. Potential triggers include microbes, smoking and mechanical ventilation [2,
63-65]. Microaspiration due to gastro-oesophageal reflux may also be a precipitating
factor in disease development. A study using oesophageal manometry to measure reflux
episodes found that IPF patients had a significantly higher number of events than healthy
controls [66]. Furthermore, measurement of BAL pepsin, a marker of gastric aspiration,
was elevated in patients with AEIPF suggesting that aspiration may contribute to the
development of acute exacerbations [67]. A retrospective analysis looking at the placebo
arm of three IPF clinical trials compared patients on acid suppression with those who
were not and found that the use of anti-acid therapy was associated with a slower decline
in FVC over time and fewer acute exacerbations [68]. To further evaluate the potential
contribution of reflux in disease progression, a clinical trial is ongoing comparing lung
function decline in IPF patients who have undergone fundoplication to those managed

conservatively (clinical trial number NCT01982968).
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1.2.5 Role of microbes as cofactors in IPF

The role of microbes in the pathogenesis of IPF has been investigated in a number of
studies. Air-borne viruses that infect the respiratory tract and instigate alveolar epithelial
damage have been implicated as both initiating and propagating cofactors [69-76].
Human herpes viruses (HHV) in particular are postulated to provide the ‘second hit’
required for the development of IPF. This hypothesis has been supported by a number
of studies that have demonstrated a high prevalence of these viruses in patients with IPF
including a study by Tang et al. (2003), which identified herpesviruses (Cytomegalovirus,
Epstein Barr Virus, HHV-7 and HHV-8) via PCR in 32 out of 33 IPF lung biopsies
compared to only 36% of controls [74]. A more recent study found that HHV viral proteins
were present within AECs in 65% of IPF tissue samples and co-localised with proteins
associated with the UPR [77]. Herpes viruses infect epithelial cells causing ER stress
leading to activation of the UPR, which the virus may manipulate to its replication
advantage. Epithelial cellular integrity becomes compromised which can lead to the
activation of apoptotic pathways [76]. Given that ER stress and UPR are features of
both genetic and sporadic forms of lung fibrosis there is thus a mechanistic explanation
for the role of viruses in triggering profibrotic responses in genetically susceptible
individuals. Viral encounter in older age may also increase susceptibility to IPF due to
the cellular changes that occur with aging such as genomic instability, mitochondrial
dysfunction and epigenetic modification that may reduce the ability of AEC to respond
and clear infection. Of relevance to this, elderly but not young mice infected with a
murine herpes virus went on to develop severe fibrosis following bleomycin lung injury
[73]. Bacterial colonisation may also drive fibrogenesis. A study by Molyneux et al.
(2014) measured bacterial DNA within BAL fluid from IPF patients and controls, and
found that IPF patients had double the bacterial burden and those with the greatest load
had increased risk of disease progression (signified by a fall in FVC of >10% over 6
months) [63].

It must be noted however that studies implicating microbes in the pathogenesis of IPF
are mostly small and retrospective [64]. Furthermore, whilst an association has been
established this is not the same as a causal relationship and within the abnormal IPF
lung, host defence mechanisms are likely to be impaired. It is possible, albeit less likely,
that the persistence of microbes is due to defective host clearance and they are

bystanders rather than cofactors in disease pathogenesis.
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1.2.6 TGFR and its role in fibrogenesis

Injury to the alveolar epithelium is thus postulated to initiate an aberrant repair process
that is uncontrolled and progressive. Whether this is due to a chronic or repetitive injury
initiating temporally and spatially distinct fibrotic responses, or an isolated precipitant
capable of triggering a cascade of profibrotic cellular events that subsequently become
self-perpetuating, is unclear. The exact mechanisms by which AEC damage triggers
fibrogenic responses are also poorly understood but studies indicate that numerous
defective pathways are involved and the contribution of each are likely to differ
depending on genetic predisposition and environmental exposures of the individual [78-
80]. Certain pathological processes and cytokines are however recognised to play
dominant roles in disease pathogenesis and the activation of TGFR in particular is

recognised as a key mediator in driving fibrogenesis [78, 81].

TGFR incorporates a superfamily of growth factors consisting of TGFR isoforms (from
which the name derives), bone morphogenetic proteins (BMPs), activins and inhibitins.
These proteins play key roles in growth and development and are implicated in a range
of physiological and pathological processes including wound healing, immune regulation,
angiogenesis, fibrosis, epithelial mesenchymal transition (EMT) and oncogenesis [82].
Of the three major isoforms of TGFR (comprising TGFR1, TGFR2 and TGFR3), TGFR1
is associated most closely with fibrogenesis and aberrant regulation. Its over-production
has been implicated in a range of fibrotic diseases including liver cirrhosis,
glomerulosclerosis, systemic sclerosis and IPF [83-85]. TGFR was found to be highly
expressed in fibrotic lung tissue from IPF patients [86] and when Sime et al. (1997)
generated rats to over-express the growth factor, severe lung fibrosis developed that
was ameliorated by TGFR inhibition [72]. TGFR1 mediates the recruitment, proliferation
and activation of fibroblasts into collagen-secreting myofibroblasts. TGFR is also
implicated in the recruitment of circulating fibrocytes which may contribute to the
fibroblast pool in IPF [87-90]. Furthermore, it enhances fibrotic pathways by stimulating
the expression of pro-fibrogenic cytokines such as PDGF, IL-18 and IL-13. TGFR is
produced by most bone marrow derived cells including macrophages, T cells and
neutrophils but also by epithelial cells including those lining the alveoli. It is secreted in
a latent form, bound to latency-associated peptide (LAP) and a TGF[3-binding protein,
and can be cleaved to its activated form by a variety of conditions including acidic pH,
increased tissue stiffness and oxidative stress, plus mediators such as MMP2 and

MMP9, thrombospondin-1 and integrins such as av36 [81].
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TGFR interacts with a heteromeric complex of transmembrane receptors (designated
type | and type Il) which results in the phosphorylation of transcription factors known as
Smads that shuttle between the cytoplasm and nucleus. Upon activation of TGFR
receptors, Smad proteins accumulate in the nucleus to regulate transcription. TGFR can
also signal via Smad-independent pathways, including MAP Kinase, Rho-like GTPases
and phosphatidylinositol-3-kinase (PI3K) (Fig 1-6) [82, 91]. Depending on the TGFR
ligand and the nature of its interaction with its receptors, combinatorial signalling
pathways can be induced providing a mechanistic explanation for the pleiotropic
activities of TGFR [82]. Indeed, TGF[} can play a dual role in a number of processes. In
cancer for example, it is recognised to inhibit tumour development through its potent
negative effect on epithelial cell proliferation although it may also promote metastases
through EMT,; facilitating the detachment and migration cancerous cells [92]. Inhibition
of TGFR may require caution therefore as whilst fibrotic over-repair is undesirable,
ameliorating the effects of TGFR may lead to defects in wound healing, immune
regulation and other physiological processes. To date, clinical trials using agents to
inhibit the activity of TGFR have met with disappointing outcomes, including a recent pilot

study using a monoclonal antibody targeting all three isoforms in IPF (clinical trial number

GC1008) [93, 94] [94].
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Figure 1- 6. The major TGFB signalling pathways in fibroblasts.

TGFR is secreted in a latent form and is cleaved to an activated form by a variety of conditions including
acidic pH, increased tissue stiffness and integrins such as av36 [81]. Activated TGFR binds to Type | and Il
transmembrane receptors resulting in the recruitment and phosphorylation of Smad 2/3. Phosphorylated
Smad 2/3 then forms a complex with Smad 4 and translocates to the nucleus where it binds to Smad-binding
DNA elements leading to transcription of TGFR responsive target genes. Smad 7 is a physiological inhibitor
of Smad signalling. TGFR can also signal via Smad-independent pathways, including MAP Kinase, Rho-like
GTPases and phosphatidylinositol-3-kinase (PI3K). Adapted from Varga et al. [94].
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1.2.7 Inflammatory responses in IPF

The role of inflammation in IPF has been contested in recent years. There are a number
of reasons for this, which include the paucity of immune cells found within histological
sections, the absence of significant ground glass opacification (radiological evidence of
inflammation) on CT, and a lack of clinical response to corticosteroids and other
immunomodulatory agents [5, 95-97]. IPF is characterised by uncontrolled
fibroproliferation rather than chronic inflammation but evidence for an inflammatory
component which assists in driving fibrotic processes does exist. BALF from IPF patients
demonstrates a cytokine milieu that is high in pro-inflammatory cytokines including IL-
18, TNFa and IL-6 [98-100]. Furthermore, neutrophils are the predominant immune cell
type in the BAL and increasing numbers correlate adversely with prognosis [101]. Whilst
CT findings do not support a major inflammatory component, limited areas of ground
glass change are not inconsistent with the diagnostic criteria and may represent isolated
areas of early injury [102, 103]. Indeed, if the prevailing hypothesis is correct and damage
directed at the AECII initiates the disease process, the absence of any inflammatory
response would be surprising. The relationship between inflammation and fibrosis is
closely interconnected with many ‘inflammatory’ cytokines and mediators capable of

inducing fibrotic responses following high or prolonged release.

TNFa, IL-1R and IL-6 are key examples and all were found to be elevated in IPF patients.
TNFa in particular has dual inflammatory and fibrotic function and numerous studies
have demonstrated that up-regulation of its expression is linked to lung fibrosis. In IPF,
alveolar macrophages (AMs) were found to spontaneously produce higher levels of
TNFa compared to controls and in a related study, mRNA levels of TNFa were increased
in lung tissue with immunohistochemistry (IHC) staining localising the cytokine to AMs,
interstitial macrophages (IMs) and AECs [104]. In addition, transgenic mice over-
expressing TNFa developed progressive pulmonary fibrosis [105] and intradermal
injections of TNFa resulted in the focal accumulation of fibroblasts and collagen.
Interestingly, this dermal fibrotic response was accompanied by an infiltrate of
polymorphonuclear leukocytes early on but these cells were absent by day 7, indicating
an initial inflammatory and subsequent fibrotic phase associated with TNFa
administration [106]. TNFa has also been demonstrated to stimulate production of
plasminogen-activator inhibitor-1 (PAI-1), which inhibits the activity of the fibrinolytic
mediator plasmin. This protein also plays an important role in matrix degradation and

stimulates the production of anti-fibrotic mediators COX-2 and PGEZ2. In keeping with
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this, PAI-1 was found to be elevated in the BALF of IPF patients compared to controls
[107, 108].

IL-1R is also associated with acute inflammatory responses and the development of
pulmonary fibrosis [109]. IL-13 is most recognised for its role as a major inflammatory
cytokine predominantly released by innate immune cells such as macrophages and
monocytes following activation of pattern-recognition receptors (PRRs) by danger
associated molecular patterns (DAMPs) and pathogen-associated molecular patterns
(PAMPs) [110]. Acute release of IL-1R following injury results in rapid recruitment of
neutrophils to sites of inflammation, increased production of chemokines and cytokines
such as TNFa and IL-6 and the triggering of pyroproptosis, a form of inflammatory cell
death often seen in the context of infected cells [111, 112]. Sustained release of IL-113
however, as demonstrated in a rat model transfected to over-express IL-183 in the lung,
resulted in the production of pro-fibrotic cytokines PDGF and TGF[} and the development
of pulmonary fibrosis [109]. More pertinently, IL-13 was found to be increased in the BAL
fluid and lung tissue from IPF patients and mRNA levels were increased in the alveolar

macrophages [98, 113].

IL-6 plays an important role in the acute phase response, but like IL-1R it is also closely
linked to fibrogenic processes [114-116]. Mouse models have demonstrated that by
inhibiting the frans-signalling pathway of IL-6, pulmonary fibrosis was attenuated
following bleomycin injury [100]. In vitro studies have revealed that IL-6 can directly
mediate the differentiation of fibroblasts to collagen-secreting myofibroblasts [100, 117].
Of relevance, the highest levels of serum IL-6 were found in patients with acute
exacerbations, events postulated to represent an acceleration of the disease process
[118]. Furthermore, dermal fibroblasts in fibrotic areas from patients with systemic
sclerosis expressed /L-6 mRNA 30-fold higher than unaffected areas [119]. IL-6 has also
been implicated in chronic airways remodelling seen in COPD and asthma, and blockade
of IL-6 by the monoclonal antibody Tocilizumab has proven clinical efficacy in the

treatment of rheumatoid arthritis [99, 120].
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Figure 1- 7. Proposed mechanisms leading to fibrogenesis in IPF.

Irritants such as tobacco smoke, viruses and bile acids induce alveolar epithelial cell damage and activate
inflammatory pathways including the NLRP3 inflammasome. Release of inflammatory mediators such as
TNFa, IL-18 and ROS results in the recruitment of neutrophils and other leukocytes to the site of injury and
stimulates the production of TGFR. TGFR mediates the recruitment, proliferation and activation of fibroblasts
into collagen-secreting fibroblasts which promote extracellular matrix formation. Adapted from Wynn. [79].

Cytokines are produced by a wide range of cells including fibroblasts and epithelial cells
and these may represent the major reservoir in IPF. However, numerous studies have
also demonstrated that macrophages from IPF patients express higher levels of these
soluble factors compared to controls [98, 121]. Furthermore, the preponderance of
neutrophils within the BAL suggests that whilst inflammatory cells may not be the
predominant mediators in IPF pathogenesis, they are likely to contribute to the profibrotic
environment through the release of cytokines, chemotactic factors and reactive oxygen
species (Fig 1-7) [122].

1.2.8 Oxidative stress

Oxidative stress is induced by the excessive production of reactive oxygen species
(ROS) or the depletion of anti-oxidants, creating an imbalance that results in molecular
and cellular abnormalities. Low-level generation of ROS by cells is physiological and
molecules serve as signalling mediators to influence cellular processes [123]. Excessive
or unopposed ROS activity however triggers a DNA damage response leading to
apoptosis or necrosis of AECs and activation of pro-fibrogenic pathways [124]. ROS can
also up-regulate fibrogenic mediators directly, enhancing release of TGFR from its
latency-associated protein and stimulating the NLRP3 inflammasone to release IL-11}

(Fig 1-7) [125]. ROS is produced by a wide range of cell types including epithelial,
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mesenchymal and endothelial cells although innate immune cells such as neutrophils,
macrophages and monocytes generate high levels in response to stimulation [79, 126].
Research has revealed that aging is associated with enhanced ROS responses
indicating that the lung may become more susceptible to oxidative stress with advancing
years [127]. Furthermore, lung tissue may be particularly vulnerable due to high oxygen
tensions that enhance oxidative insults alongside exposure to agents such as tobacco
smoke, asbestos and other pollutants. These external factors can cause oxidative stress
directly through the generation of oxygen and nitrogen intermediates and indirectly

through the activation of inflammatory responses [124, 128].

Bleomycin, used to induce lung fibrosis in murine models increases free radical content
that has been shown to stimulate fibroblast proliferation, myofibroblast differentiation and
collagen secretion [129, 130]. Given that oxidative stress is mechanistically linked to
fibrosis development, its role in IPF has been evaluated over the years in a number of
studies. Free radicals of oxygen are difficult to measure directly, but researchers have
looked at the products of oxidative reactions, such as modified proteins, lipids and DNA
for evidence of oxidative stress. One study found that the levels of lipid peroxidation were
significantly higher in both the bronchoalveolar lavage (BAL) fluid and sera from IPF
patients. [128]. Another study measured biomarkers of oxidative stress, 8-isoprostrane
and hydrogen peroxide (H,0,), in the exhaled air from IPF patients and found that they
were higher than controls, with H,O, negatively correlating with lung function severity
[131]. There is also evidence that anti-oxidant generation is impaired in IPF with lower
levels of glutathione found in the serum and lung fluid from patients with the disease
[128]. Furthermore, the major anti-oxidant enzyme, extracellular superoxide dismutase,
was found to be depleted in fibrotic areas from IPF lung tissue [132]. Taken together,
there is sufficient evidence to indicate that a dysregulation of the oxidant/anti-oxidant
balance exists in IPF and contributes to the pathogenesis of the disease. An early phase
clinical trial using the anti-oxidant N-acetyl cysteine (NAC) suggested that administration
may slow lung function decline although this was not validated in a larger phase Il clinical
trial (PANTHER-IPF) [133]. Thus, whilst anti-oxidant therapy may improve oxidative
stress, the multitude of aberrant pathways involved in the development of the disease

are likely to supersede small improvements made in any one component.
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1.2.9 Fibroblast activation in IPF

Fibroblasts differentiate into myofibroblasts, which are the key effector cells in all fibrotic
responses, responsible for the laying down of collagen-rich extracellular matrix. The
origin of these cells in IPF is controversial and whilst the majority are likely to be recruited
from the resident stromal population, there is evidence that they may also stem from the
process of EMT (see below), and from circulating haematopoietic cells known as
fibrocytes (Fig 1-8) [89, 90, 134]. During homeostasis, fibroblasts are relatively quiescent
serving to support and maintain the tissue architecture. Following injury, they transiently
differentiate into myofibroblasts and acquire contractile characteristics identifiable by the
production of aSMA [135]. This enables cells to migrate towards the site of injury where
they establish a provisional matrix and contract the edges of the wound. The release of
soluble factors such as TGFR3, PDGF, CDGF, IL-4 and IL-13 during injury mediate this
differentiation process and these cytokines are all implicated in the pathogenesis of IPF
[79, 80, 126]. In contrast to normal wound healing, myofibroblasts in IPF do not return to
a resting state or undergo programmed cell death but continue to proliferate and
accumulate in the lung tissue laying down excessive ECM leading to the destruction of
the lung architecture. Studies have found that IPF fibroblasts are not only resistant to
apoptotic signals but also operate under autonomous control [136, 137]. Unlike cancer
cells, they are not of monoclonal origin but genomic studies indicate that IPF fibroblasts
share similarities with malignant cells particularly seen at the level of translational control
[138]. Contributing to the activated phenotype of fibroblasts may be the ECM itself, which
in IPF becomes stiffened and contains excessive amounts of connective tissue, matrix
metalloproteinases (MMPs), growth factors and morphogens. An elegant study by
Parker et al. (2014) using decellularised ECM from controls and IPF patients found that
both control and IPF fibroblasts seeded on of IPF matrix developed a genomic profile
enriched for ECM proteins. Interestingly, they found that the matrix itself exerted the
greatest influence on the pathological gene expression in fibroblasts rather than the
origin of the fibroblasts themselves [44]. This study thus suggests that the development
of an abnormal matrix in IPF may itself provide positive feedback signal propagating

myofibroblast activity further.
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Figure 1- 8. Fibroblasts in models of pulmonary fibrosis are thought to derive from three sources.
The predominant population stems from the local recruitment and proliferation of resident fibroblasts. Cells
with fibroblast properties may also may descend from epithelial cells through the process of epithelial to
mesenchymal transition (EMT) and from bone marrow derived precursor cells called fibrocytes. Adapted
from Wynn. [80].

1.2.10 Epithelial-mesenchymal transition (EMT)

EMT is the process by which epithelial cells transdifferentiate into cells with
mesenchymal characteristics. During EMT, epithelial cells down-regulate E-cadherin
and other molecules involved in cell-cell junctions, loose apical-basal polarity and
reorganise their cytoskeleton to enable them to acquire motility. It is usually a transient
phenomenon and the term mesenchymal-epithelial transition (MET) refers to the reverse
process. It was originally observed during embryonic development and later during
physiological processes such as wound healing [92]. Triggers for EMT include hypoxia,
inflammation, disruption of cellular contact and ER stress (Fig 1-9). The role of EMT in
promoting cancer progression through the down-regulation of cellular adhesion
molecules and the acquisition of an invasive phenotype facilitating metastasis is firmly
established, but more recently its role in lung fibrosis has been investigated. The
accumulation of collagen-producing myofibroblasts has been suggested to be partly
contributed by the process of EMT [139-141]. Evidence for this comes from a number of
studies which demonstrated the co-expression of epithelial and mesenchymal markers
on AECs within histological sections. Mice studies involving the labelling of alveolar
epithelial cells with green fluorescent protein (GFP) and subsequent bleomycin-induced
lung injury also showed that the AECs stained positive for mesenchymal markers such

as vimentin and fibronectin [139, 140, 142]. These findings however have not been
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consistently reported and the contribution EMT plays in fibrosis remains uncertain. It is
also unclear whether the process results in the generation of fibroblasts that actually

contribute to matrix formation, and if so, whether their involvement is significant [141].
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Figure 1- 9. Diagrammatic representation of epithelial-mesenchymal transition.

Epithelial cells can transdifferentiate into cells with mesenchymal characteristics. This process involves the
down-regulation of cellular adhesion molecules and loss of apical-basal polarity. Reorganisation of the
cytoskeleton occurs and cells become motile. Markers associated with epithelial cells such as E-cadherin,
occludins and cytokeratin are down-regulated whilst those associated with mesenchymal cells such as
vimentin, aSMA and fibronectin are up-regulated. HA — Hyaluronic acid; FSP-1 - fibroblast-specific protein.
Taken from Wynn et al. [80]

1.2.11 Adaptive immune responses in IPF

There is growing evidence that the adaptive immune system also plays a role in IPF.
Perturbations have been demonstrated in the phenotype and functional repertoire of T
and B cells, and circulating autoantibodies and immune complexes have been identified
in a significant proportion of patients with the disease [143]. Histological lung sections
from IPF patients demonstrate the presence of lymphocytic aggregates, known as
tertiary lymphoid structures. These consist of clusters of T cells lying alongside mature
dendritic cells that lie close to fibroblastic foci [144, 145] Non-proliferating CD20+ B cells
have also been found in a subset of these aggregates, clustered within the centre [146].
High levels of circulating B-lymphocyte stimulating factor, which promotes B cell survival
and maturation, was also identified in IPF serum. Furthermore, CXCL13, a chemokine
that mediates the homing of B-cells to inflammatory foci, was increased in the blood and

lung tissue from IPF patients. [146, 147].
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Peripheral circulating T cells from IPF patients differed from controls, and CD4
lymphocytes demonstrated autoreactive clonal expansion when stimulated by fibrotic,
but not healthy lung tissue. This suggests that self-antigens exist within the IPF lung and
stimulate self-reactive T cells when presented by antigen-presenting cells [148].
Expression of the costimulatory receptor, CD28, which provides a ‘second signal’ for the
activation of naive CD4 lymphocytes, was found to be reduced in IPF. Of relevance,
CD4+CD28- cells were also found to produce higher levels of pro-inflammatory cytokines
including IL-18 and IL-6. Down-regulation of this co-receptor in IPF patients was
associated with worsening lung function and reduced survival [149]. Regulatory T cells
(Tregs) have also been investigated in IPF. Tregs play an important role in immune
homeostasis and the maintenance of self-tolerance and are identified by their high
expression of CD25 and the transcription factor FoxP3. Two studies reported that Tregs
were reduced in IPF [150, 151], and one of these found that their suppressive function
was impaired in vitro. A further study, however, reported the opposite finding with
increased Treg levels measured in IPF patients. The authors of this study found that
circulating Tregs in IPF were phenotypically different to controls and expressed the
membrane-bound protein semaphorin 7a (Sema 7a+), which has been associated with
enhanced fibrotic responses. This was demonstrated following the adoptive transfer of
Sema 7a+ Tregs into mice resulting in increased lung collagen that was absent in mice
injected with Sema 7a- Tregs [152]. Conversely, a further study found that Treg depletion
in mice resulted in an exaggerated fibrotic response in a TGFR-induced model of lung
fibrosis [153]. The function and phenotype of Tregs can be influenced by the cytokine
milieu and local environment [143, 154] and given the results of the above studies, it is
possible that Tregs play a dual role in fibrosis development depending on the external

factors modulating their activity.

A loss of self-tolerance and the development of autoreactive lymphocytes may also
contribute to disease pathogenesis. Investigators have identified antibodies to a range
of self-antigens including vimentin, cytokeratin 8,18 and 19, HSP70 and collagen V [155-
159]. In contrast to autoimmune diseases such as systemic lupus erythematosus (SLE)
and rheumatoid arthritis (RA) where autoantibodies and immune complexes can be
linked mechanistically to disease pathogenesis [160, 161], their presence in IPF does
not fit so neatly with our current understanding of disease mechanisms. Furthermore,
mice depleted in lymphocytes develop pulmonary fibrosis following bleomycin injury
whilst immunosuppressive agents such as Azathioprine do not alter the disease course
[162, 163]. Thus, it is unlikely that abnormalities in the adaptive immune system drive

the disease process. However, given that IPF is a heterogeneous disease resulting from
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a variable combination of genetic and environmental factors, aberrations in T and B cell
responses may play a fibrosis-promoting role in a proportion of patients diagnosed with

the disease.

1.3 Monocytes and Macrophages

1.3.1 Monocyte subsets

Human monocytes comprise between 5-10% of circulating nucleated cells and are most
commonly subdivided into three groups according to the expression of the LPS co-
receptor CD14, and the FCylll receptor, CD16 [164-166]. Significant controversies exist
regarding the functional repertoires that define each subset and the role they play in
response to injury. Mouse monocytes are more clearly defined and can be broadly
divided into two subsets based on Ly6C expression. High expression is seen in
monocytes which are released from the bone marrow (BM) in a CCR2-dependent
manner and recruited early to sites of infection or inflammation. Analogous to Ly6C"
monocytes is the ‘Classical’ subset in humans, which represents around 90% of the
monocyte population and is defined by high CD14 expression and an absence of CD16
[36]. Mouse studies reveal that release of LyC6" monocytes from the BM is under diurnal
control by the circadian gene Bmal1. It has been suggested that their presence in the
circulation during steady state may be part of a mechanism of ‘anticipatory inflammation’
to enable innate cells to respond rapidly to injury when it arises [167]. Recent work
however suggests that Ly6C™ monocytes play a more active role in maintaining
homeostasis and continuously traverse the endothelium in both directions surveying the
tissue for antigens. LyGChi monocytes transport antigens to draining lymph nodes where
they present them to cognate T cells without differentiating into macrophages. Following
injury, LyCGhi monocytes are recruited into the tissue in high numbers where local signals
trigger the differentiation of these cells into ‘inflammatory’ macrophages [168] signified
by an increase in size and cytoplasmic complexity. These monocyte-derived-
macrophages (MDMs) undergo apoptosis after inflammation subsides or mature into
macrophages with different phenotypic and functional characteristics that then assist in

repair and resolution processes [164, 168-170].

Ly6C" monocytes represent a distinct subpopulation and exhibit crawling behaviour over
the endothelium suggesting a surveillance function [171]. They remove cellular debris

and particulates and are important in viral responses, inducing TLR7 pathways and
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recruiting inflammatory cells to the area [169, 172]. Gene profiling studies have found
that the human equivalent to these cells are the ‘Non-classical’ or ‘Patrolling’ monocytes
which are distinguished by high CD16 and low CD14 expression [166]. A third human
subset has been described in more recent years which expresses both CD14 and CD16
and these cells are termed ‘Intermediate monocytes’. They express high levels of HLA-
DR and are considered important in antigen presentation [173]. This subset is reported
to possess high inflammatory potential, producing elevated levels of ROS and cytokines
such as TNFa and IL-1R in response to stimulation. Intermediate monocyte levels are
increased in a number of disease states including rheumatoid arthritis and in the
immediate aftermath following stroke and acute coronary syndrome [174-176]. Indeed,
there is evidence to suggest that intermediate monocytes promote unstable plaque

formation leading to coronary artery occlusion [177].

This description of monocyte subsets is likely to be overly simplistic and more recent
research has highlighted the heterogeneity and functional complexity of monocytes.
Much of the work based on monocyte subsets has been extrapolated from murine
studies and the accuracy of these functional descriptions has been questioned. A study
by Mukherjee et al. (2015) for example looked at human monocytes and found that non-
classical subsets were increased in sepsis and decreased in patients receiving treatment
with anti-inflammatory agents such as glucocorticoids [178]. Non-classical monocytes
were also found to produce the highest levels of TNFa and IL-1R upon stimulation [176].
Furthermore, new techniques such as single-cell RNA sequencing have revealed the
existence of additional monocyte populations which express unique sets of genes that

have the potential to affect the cell cycle, differentiation and trafficking [179].

The process by which monocyte subsets evolve is also contentious. There is evidence
from mouse studies that Ly6C" monocytes represent terminally differentiated cells
derived from the differentiation of Ly6C"™ monocytes after BM egress [170]. A recent
study by Patel et al. (2017) suggests that human monocytes may undergo a similar
process within the circulation. Deuterium-labelled glucose was administered to healthy
volunteers to study monocyte kinetics which identified the emergence of classical
monocytes after 24 hours followed by the sequential appearance of intermediate and
non-classical monocytes over 7 days [164]. Other studies however suggest that
monocyte differentiation occurs much earlier on during bone marrow development with
lineage tracing techniques providing evidence that monocyte progenitors become
committed to specific fates prior to entering the circulation [180, 181]. In support of this,

a study by Askenase et al (2015) found monocytes isolated from the BM following T
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gondii infection exhibited a regulatory phenotype and produced high levels of IL-10 and
prostaglandin E; following stimulation. The authors demonstrated that the transcriptional
reprogramming of monocyte progenitors occurred in response to IFNy-producing natural
killer cells within the BM [182]. It is thus probable that some monocyte progenitors are
primed early on to differentiate into cells with committed fates (mediated or influenced
by external triggers) whilst other monocyte subgroups become moulded by their external

environment as they mature following BM egress.

The broad spectrum of monocyte functionality has only recently started to be unravelled.
In addition to their roles in innate responses, monocytes influence the adaptive immune
system in their capacity as APCs and support the differentiation of specific T cell subsets
(including Tregs, T follicular cells and cytotoxic CD8 cells) as well as inhibiting T cell

proliferation and promoting regulatory T cell development [168].

1.3.2 Macrophage ontogeny

Macrophages are usually classified according to the tissue in which they reside and
represent a heterogeneous group of cells. Indeed, recent commentary has questioned
whether it is appropriate to classify macrophages as a single group following compelling
research that has challenged the central dogma that macrophages uniformly arise from
a haematopoietic origin and revealed that the majority of tissue resident macrophages
are in fact embryonically derived, with cell populations becoming established shortly after
birth. Fate-mapping models indicate that these cell populations are long-lived and
possess the unique ability to self-renewal, with minimal contribution from circulating bone
marrow precursors. [170, 171, 183]. Furthermore, mouse knock out (KO) studies have
revealed that resident lung macrophage populations are almost normal in the absence
of haematopoietic stem cell progenitors (HSCPs). Evidence for this in humans has been
found in patients with severe monocytopaenia due to a GATA2 mutation. Analysis of
tissue macrophages and epidermal Langerhans cells (LC) revealed that populations

were largely preserved, indicating the shared prenatal ontogeny with mice [184].

Further evidence comes from haematopoietic stem cell recipients where host LCs are
present years after transplant illustrating the long lived-nature of these cells [185]. The
relative contribution of embryonically derived and haematopoietic macrophages does
however depend on the type of tissue. Whilst LC and other tissue resident macrophages

exist almost independently of blood borne precursors, mouse studies show that
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monocyte derived macrophages are essential to replenish gut and dermal macrophages
during steady state (Fig 1-10) [186, 187].
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Figure 1- 10. The contribution of tissue-resident (embryonically derived) and monocyte-derived
macrophages (MDMs) varies between organs.

Macrophages located in the central nervous system (CNS) and Langerhans cells (LC) within the epidermis
are established prenatally from the foetal yolk sac. Monocytes constantly replenish macrophage populations
in the lamina propria (LP) and dermis. In the lung, heart, peritoneum, kidney, liver and pancreas the ontogeny
of macrophages has not been fully established although a population comprised of both tissue-resident and
MDMs is considered likely. Adapted from Italiani et al. [187].

1.3.3 Lung macrophage populations

Alveolar and interstitial macrophages represent two distinct populations within the lung
and are named according to their anatomical localisation. Alveolar macrophages are
established prenatally, are long-lived cells capable of self-renewal and proliferation
following lung injury [188]. They are positioned strategically within the airways and
alveolar space and interact with the epithelium to maintain lung homeostasis. They are
poor at presenting antigens to T cells and aid in clearing apoptotic cells and cellular
debris thereby limiting unnecessary inflammatory responses [189]. Recent work looking
at the transcriptional profile of tissue resident (embryonically derived) macrophages from
different organs found that whilst a core macrophage signature exists, depending on the
tissue type, these cells possess a unique transcriptional profile [190]. This enables tissue
resident macrophages to perform the specialised and diverse functions required, such
as the clearance of pulmonary surfactant by alveolar macrophages or maintenance of

the epithelial barrier by Langerhans cells.

Less is known about the ontogeny and function of interstitial macrophages located within
the lung tissue itself. However, in contrast to alveolar macrophages, interstitial
macrophages from the lung, heart, gut and skin were found to have more closely
overlapping transcriptional profiles regardless of their tissue origin [191]. This suggests
27



a common monocytic origin, although recent evidence suggests that lung interstitial
macrophages may represent a hybrid population comprised of both tissue resident
(embryonically derived) macrophages and MDMs, with the relative contribution of each
depending on prior exposures. For example, in a mouse model of influenza-induced lung
injury, areas depleted of macrophages were later repopulated by the remaining resident
cells with little contribution from blood borne monocytes [192]. Bleomycin lung injury
however induced the recruitment of monocyte-derived macrophages that persisted long
after the resolution of fibrosis. Over time, these became almost indistinguishable from
tissue resident macrophages [193]. Furthermore, radiation-induced lung macrophage
depletion, with the remaining cells exhibiting reduced capacity for proliferation, led to the
recruitment and permanent replenishment of monocyte-derived macrophages into lung
niches [194].

These studies indicate that the type of lung injury and its effect on tissue resident
macrophages (i.e. transient or permanent depletion) influence the subsequent
contribution of MDMs to the long-term population [194]. Aging may also influence the
cellular origin of the lung macrophage pool as whilst tissue resident cells are capable of
self-renewal, it is unclear whether this ability extends to advanced old age . It is possible
that these cells reach senescence resulting in the replacement of embryonically-derived
macrophages by blood-borne precursors [195]. In cases where lung injury is chronic or
repetitive, as is postulated to be the case in IPF, resident populations may become
depleted with reduced ability for self-renewal and the contribution of monocyte derived
macrophages could then become significant [127]. These cells, with a lineage distinct
from their embryonic counterparts, may adopt characteristics of resident cells but may
also retain distinct functional and cytokine repertoires that influence and possibly

perpetuate the processes of repair and matrix deposition [193].

1.3.4 Monocyte-derived-macrophages and polarised subsets

The original belief that macrophages where derived and replenished solely from blood
monocytes was developed in the 1960s before the advent of sophisticated lineage
mapping techniques [185]. Whilst now somewhat outdated, these early studies remain
important as they identified the essential roles monocytes and their tissue-based
counterparts play in inflammation and repair. These studies also demonstrated how
highly adaptable these cells are, with the capacity to differentiate and perform a diverse
range of functions according to environmental cues. This cellular plasticity was first noted

during in vitro studies when it was discovered that the phenotype and function of
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macrophages, differentiated from monocytes, could be modulated depending on the type
of stimuli given in vitro [196-199]. Th1 cytokines (IFNy) result in macrophages with
enhanced microbicidal activity that secrete high levels of pro-inflammatory cytokines
such as IL-1, IL-6 and IL-23 as well as nitric oxide, important in host defence and early
response to tissue injury [200]. These cells were designated ‘M1’ or ‘classical’
macrophages and are associated with high expression of receptors such as CD64 (an
Fc y-receptor to I9gG), CD86 and CCR7, a lymph node homing receptor. Stimulation of
the IFNy receptor triggers JAK-mediated tyrosine phosphorylation leading to
dimerisation of the transcription factor STAT1 (signal transducer and activator of
transcription). This binds to the promoter regions within genes to increase the expression
of genes encoding NOS2, MHC class Il molecules and /L-12, amongst others [201]. In
contrast, stimulation by Th2 cytokines IL-4 and IL-13 resulted in macrophages with anti-
inflammatory, reparative and regulatory properties. These cells were correspondingly
labelled M2 or ‘alternatively activated’ macrophages and are recognised to play an
important role in the later stages of tissue repair and immune modulation (Figure 1.3)
[200, 202]. These cells are characterised by cell surface receptors that include the
haemoglobin scavenger receptor CD163, the mannose receptor CD206 and CD200R
[203]. Expression of the enzyme arginase-1 which competes with nitric oxide synthase
produced by inflammatory macrophages is also increased. M2 macrophages produce
higher levels of IL-10 and TGFR in response to stimulation [197]. Many of the genes
associated with M2 macrophages are regulated by STAT6 and interferon regulatory
factor 4 (IRF4) [198].

Over the years, the M2 categorisation has been further subdivided into M2a, M2b and
M2c to more clearly define macrophages according to their phenotypic characteristics
and roles in repair and immunomodulation [196, 197]. The stimuli used to induce these
subsets results in the expression of genes and proteins that only partially overlap with
each other, demonstrating that ‘M2’ polarisation incorporates a diversity of phenotypes.
IL-4 was first used to polarise cells to M2 and as such cells are defined as M2a. Receptor
binding of IL-4 activates JAK1 and JAK3 leading to STAT6 activation and translocation.
IL-4 promotes macrophage fusion and decreases phagocytosis [204]. M2b macrophages
are activated by immune complexes and participate in crosstalk with B cells. Binding of
immunoglobulins to Fc receptors (FcyR) results in LPS-activated cells switching off IL-
12 production and increasing IL-10 secretion and antigen presentation. M2c incorporates
corticosteroids (CS) and IL-10 as stimuli. CS diffuses through the lipid membrane and
binds to the glucocorticoid receptor (GR), which then translocates to the nucleus to

influence gene transcription. Analysis of corticosteroid-stimulated monocytes showed
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induction of il-10, CD163, CD206, IL1R2, thrombospondin 1 (THBS1), complement
component 1 subunit A (c1qa) and TSC22 domain family, member 3 (dsipi) [198]. Long-
term exposure to steroids reduces monocyte adherence, spreading, and apoptosis and
increases phagocytic capacity [205]. Up-regulation of IL-10 results in inhibition of Th1
responses and pro-inflammatory cytokine production through the activation of STAT3

mediated pathways [187].

Macrophage-colony stimulating factor (M-CSF) is recognised for its role in maintaining
tissue resident macrophage populations and promoting the survival and differentiation of
monocyte-derived cells [206]. More recently, M-CSF has been classified as an M2
stimulus and upon binding to its receptor induces signalling pathways that up-regulate
IL-10 and ARG1 whilst decreasing expression of [L-18 [207, 208]. In contrast,
Granulocyte-colony stimulating factor (GM-CSF) promotes the development of dendritic
cells and elicits M1-type responses in macrophages. Following stimulation with LPS and
IFNy, GM-CSF cultured macrophages produced high levels of TNF, IL-18, IL-13 and IL-
6 compared to M-CSF cultured cells which generated low level pro-inflammatory
cytokines and high IL-10 [209]. However, neither factor induces a strongly polarised
response and for in vitro work M-CSF is usually administered alongside IL-4, IL-10 or
TGFR to generate a prototypic M2 phenotype [194, 208, 210]. M-CSF and GM-CSF
instead are thought predominantly to prime cells for M2 or M1 responses, respectively,
and modulate the cellular response to subsequent stimuli. However, depending on the
nature of additional factors, a partial overlap of M1 and M2 phenotypes may be seen
[210] (Fig 1-11).

Tumour associated macrophages (TAMs) represent a distinct macrophage subtype.
Their identification followed the observation that tumour growth was promoted by
macrophages isolated from metastatic lesions but not from healthy tissue [211]. Further
research into the role of TAMs has revealed that they can play a dual role in tumour
development depending on the stage of cancer, tissue type and other environmental
factors. TAMs promote tumour growth through several mechanisms. The generation of
reactive oxygen and nitrogen species enhances genetic instability and mutations within
malignant cells. The production of growth factors such as EGF by TAMs provides a
permissive environment for cancer stem cells to proliferate [212]. TAMs may also
facilitate metastasis through the production of high levels of proteolytic enzymes that
degrade the extracellular matrix [213]. It is recognised that TAMSs inhibit adaptive immune
responses through the production of immunosuppressive factors such as IL-10, TGFR
and prostaglandins and the promotion of regulatory T cell activity [214-216]. Conversely,
tumour models also show that TAMs may be beneficial in certain cancers and potentiate
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the action of chemotherapy drugs and monoclonal antibody therapies via antibody-
dependent cellular cytotoxicity and phagocytosis [217]. TAMs have a unique
transcriptional profile and although they exhibit a phenotypic profile similar to M2
macrophages with high expression of CD163 and CD206, they also express M1-
associated genes such as NOS2 and /L-12 [218]. Chemoattractants involved in
monocyte recruitment such as MCP-1 and M-CSF are produced by TAMs themselves
within cancer tissue. M-CSF has also been demonstrated to modulate the transcriptional
profile of MDMs towards an immunosuppressive, tumour-promoting phenotype [219].
Indeed, several clinical trials are underway to evaluate the effect of blocking M-CSF

signalling on tumour progression [217].
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Figure 1- 11. Macrophage polarisation.

Macrophage subtypes can be categorised according to the type of stimulation used during the differentiation
process which induces defined phenotypic and functional characteristics in vitro. ‘M1’ macrophages are
polarised by Th1 cytokines such as IFNy and LPS and exhibit inflammatory activity important in host defence
and tumour resistance. M2 macrophages represent a broader category of macrophages that are activated
by Th2 cytokines alongside other factors including immune complexes (ICs), TLR ligands, corticosteroids
(CS) and M-CSF. They have been further subdivided into Ma, Mb, Mc and TAMs in attempt to more clearly
define phenotypes within a heterogeneous group. Macrophage polarisation and classification has arisen
predominantly through in vitro work and does not necessarily reflect the phenotype and function of
macrophages in vivo which are likely to share characteristics of different subgroups. Phenotyping of tumour
associated macrophages (TAMs) for example has shown that whilst M2 characteristics predominant, certain
M1 genes are also upregulated and reactive oxygen and nitrogen species (ROS and NOS) and produced in
high concentration. Adapted from Martinez et al. [196] and Montovani et al. [217].

As knowledge of macrophage biology expanded and genomic analysis was employed it
became clear that describing macrophages according to this polarised classification
rarely typified the macrophage populations in vivo. Indeed, it is now recognised that

macrophages often exhibit features of both types and possess a degree of plasticity
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enabling them to perform diverse and contrasting functions in response to different
environmental cues [199, 209, 220]. However, whilst the M1 and M2 paradigm may be
overly simplistic and difficult to apply, it can be useful for describing the phenotypic
characteristics of macrophage populations seen in certain disease states that have
localised or systemic polarised responses. Acute tissue injury and tuberculosis for
example have been characterised by an IFNy-induced pro-inflammatory ‘M1’ response
[221-224], whereas murine studies show that chronic parasitic infestation is dominated
by an ‘M2’ macrophage response similar to that seen following IL-4 stimulation in vitro.
Mice infected with schistosomiasis initially mount an inflammatory response to try and
eradicate the organisms. When this fails however, T helper and other immune cells
secrete IL-4 which results in sustained polarisation of macrophages eventually leading
to hepatic fibrosis after eggs lodge in the liver vasculature [225, 226]. Thus, prolonged
or inappropriate macrophage polarisation induced by a persistent trigger may hamper

the return to homeostasis and contribute to the disease process.

1.3.5 Monocytes and macrophages in inflammation and repair

It has long been established that monocytes and macrophages play a key role in the
repair process and exhibit distinct and differing phenotypic and functional characteristics
depending on the stage of the process. Following initial injury, monocytes are rapidly
recruited via chemokine gradients to the site of damage where they extravasate into the
tissue and exhibit pro-inflammatory characteristics [126, 227]. They release cytokines to
promote further inflammatory cell recruitment, produce high levels of reactive oxygen
species to counteract microbial activity and help clear the area of cellular debris.
Following the initial inflammatory response to injury, macrophages start to display
regulatory and reparative activities and eliminate neutrophils through apoptosis and
phagocytosis [228]. Macrophages involved in post-inflammatory stages of repair
generate factors such as TGFB, VEGF and insulin-like growth factor. These factors
assist in fibroblast recruitment, proliferation and differentiation into myofibroblasts.
Myofibroblasts are the major effector cells in repair and secrete structural proteins and
other matrix components leading to the deposition of a collagen-rich scaffold over which
endothelial and mesenchymal cells migrate to regenerate damaged tissue [229]. In
rodent studies, it has been demonstrated that macrophages during this phase of repair
assist in matrix formation through the expression of mediators that enhance the
production of Lysyl Hydroxylase-2, an enzyme that facilitates the cross-linking of

collagen fibrils [230]. Macrophages also express arginase-1, which in mice converts
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arginine to ornithine. This is then metabolised to proline, a key amino acid required for
the generation of collagen [231]. In the reparative stages, macrophages secrete
inhibitory mediators such as IL-10 and express cell surface markers including PD-L1 and
2 that are essential for dampening inflammatory responses that may otherwise result in
further cellular damage (Fig 1-12) [200, 232] .

Macrophages are also essential in the resolution phase of repair, induce apoptosis in
redundant inflammatory and stromal cells, and produce factors to degrade excessive
ECM components laid down during earlier stages of repair [232]. The process of
ingesting apoptotic and aged cells (efferocytosis) modifies macrophage functionality. In
a model of reversible biliary fibrosis, macrophages were found to co-localise with
apoptotic cholangiocytes and in vitro assays revealed that following efferocytosis of
these apoptotic cells, macrophages produced high levels of matrix metalloproteinases
(MMPs) that degrade matrix components [232, 233].

During wound healing, it is unclear whether monocyte and macrophage subsets with
differing phenotypes are drafted in sequentially or whether cells present during the early
phases of injury adapt their functional repertoire according to the phase of repair [126].
Research provides evidence for both mechanisms. In a study of experimental myocardial
ischemia, early infiltrating inflammatory monocytes were identified by expression of cell
surface receptors Ly-6C", CCR2" and CX3CR1°, and isolation of immature tissue
macrophages demonstrated high levels of IL-6 and TNFa. Three days after the initial
injury response however, the phenotype of the infiltrating monocytes switched to Ly6C'°,
CCR2"°, CX3CR1", suggesting that sequential recruitment of different monocyte
populations occurred at specific time points [234]. In contrast to this, reversible liver
fibrosis using CCl4-induced injury identified macrophage populations during the recovery
phase of injury derived from circulating inflammatory monocytes, that underwent a

phenotypic switch following the ingestion of cellular debris within the tissue [235].
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Figure 1- 12. The role of monocytes in the repair process.

Following injury, monocytes and macrophages with inflammatory activities flood the tissue. They recruit
neutrophils through the release of mediators such as IL-1 and TNF and secrete mediators such as nitric
oxide (NO) and reactive oxygen species (ROS) to counteract invading organisms. They also produce matrix
metalloproteinases (MMPs) to assist in clearing the damaged area and phagocytose cellular debris.
Following the inflammatory phase, macrophage assist in tissue remodelling through the secretion of factors
such as TGFR and PDGF leading to the recruitment and activation of fibroblasts. They also produce
mediators, including MMPs and tissue inhibitors of MMPs (TIMPs), that assist in collagen deposition and the
construction of an extracellular scaffold through which cells can migrate to repopulate denuded tissue.
Towards the end of the repair process, macrophages possess a regulatory phenotype (induced in part by
the process of efferocytosis) and release factors such as IL-10 and programmed death ligand 2 (PDL2)
which inhibit further inflammatory activity and assist in returning the tissue to homeostasis. Aberrations in
the activities of macrophages during any stage of the repair process may lead to healing responses that are
delayed or exuberant with excessive collagen deposition. Adapted from Murray and Wynn [200].

1.3.6 The role of monocytes and macrophages in fibrogenesis

Tissue repair is a tightly coordinated sequence of cellular events and aberrations in the
process can lead to delayed tissue regeneration or excessive collagen deposition.
Macrophages (both monocyte-derived and tissue resident) are key players in
orchestrating wound healing and undertake dual and opposing roles during different
phases of repair, capable of both promoting fibrosis and enhancing its clearance. Thus,
imbalances in the number or function of these cells have been postulated to contribute
to the development of diseases characterised by excessive scar formation, including IPF
[25, 151, 193, 236, 237]. In support of this, an array of cytokines and chemokines
including TNFa, IL-18, CCL18 and IL-13 that potentiate fibrogenesis in mouse models
have been found to be elevated in the BAL fluid from IPF patients [40, 98, 105, 238].
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These same mediators are recognised to modulate macrophage phenotype and alter
functionality in vitro, supporting the hypothesis that lung macrophages may be aberrantly

activated to potentiate fibrosis in this disease.

The opposing roles played by monocytes and macrophages during the course of normal
healing has been demonstrated in cellular depletion studies. In a model of cutaneous
injury, it was found that depleting monocytes in the early inflammatory stage resulted in
delayed wound debridement, granulation tissue and epithelialisation [239]. A study by
Gibbons et al. (2011) used bleomycin to induce lung fibrosis in mice, and found that
depleting monocytes and macrophages with liposomal clondronate when lung fibrosis
was maximal (around week 3) hastened fibrosis resolution. Depleting these cells during
the recovery phase six weeks later however resulted in the persistence of fibrotic tissue
[25]. These findings were mirrored in a murine model of reversible liver fibrosis where
researchers found that depleting macrophage populations late in the repair process also
delayed fibrosis resolution [235]. The phenotype of cells involved in the fibroproliferative
phase following bleomycin injury was not identified with certainty but a reduction in the
expression of M2 markers Arginase-1 and Ym1 was noted following macrophage

depletion.

Determining the phenotype of macrophages that specifically contribute to fibrosis may
have important therapeutic implications and a number of studies have sought to identify
pro-fibrogenic populations in the context of lung fibrosis [39-41, 240]. In vitro studies
show that M2-differentiated macrophages produce higher levels of cytokines such as
TGFR, CTGF and IGF-1 which activate fibroblasts and promote collagen production. In
vivo, chronic schistosomiasis infection induces M2-polarised responses resulting in the
development of hepatic fibrosis. Therefore, it has been postulated that macrophages in
IPF may exhibit a similar M2 profile that contributes to fibrogenesis. In support of this,
IPF macrophages isolated from BAL fluid were found to express higher levels of CD163
and CD206 alongside arginase | and chitinase 3-like 1 protein; mediators implicated in
fibroproliferative responses [25, 39, 241, 242]. Furthermore, IL-13 and CCL18 were also
found to elevated in the AMs from patients with IPF and other fibrotic lung diseases.
CCL18 stimulates collagen production in fibroblasts and levels of this chemokine
correlated with lung function decline as well as exacerbation risk in IPF [40]. Other
studies however, suggest that a single polarised population is unlikely to be driving
fibrotic responses and there is evidence that IPF macrophages also produce higher
levels of inflammatory mediators such as TNFa, IL-1} and reactive oxygen species [98,

128, 243]. Indeed, persistent inflammatory responses by macrophages are recognised
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to induce fibrotic sequelae. In chronic Hepatitis C infection for example, sustained
activation of the NLRP3 inflammasome results in IL-1[3 release which potentiates hepatic
fibrosis [244].

Whilst the phenotype of macrophages in IPF cannot be neatly categorised, there is
sufficient evidence that these cells differ in comparison to healthy controls and may
contribute to the disease process [25, 39, 40]. However, the majority of studies to date
have analysed alveolar macrophages obtained from BAL fluid and little is known about
the potential role of either monocytes or interstitial macrophages (which are thought to
be derived from both embryonic and bone marrow precursors) in the disease.
Furthermore, studies reveal that the ontology of lung macrophages differs significantly
following lung injury and in response to bleomycin instillation, there is evidence that
monocyte-derived macrophages drive fibrotic responses. In a model where a monocyte
tracking system was established, Misharin et al. (2017) [193] found that tissue resident
macrophages predominated within the lung during homeostasis although following injury
the population become heterogeneous with monocyte-derived cells. When necroptosis
was induced in monocytes upon entry to the lung, fibrosis was ameliorated.
Transcriptomic profiling of MDMs during the fibrotic stage of bleomycin injury revealed
up-regulation of genes that were causally linked to fibrosis development. Whilst the
bleomycin model poorly recapitulates the pathological processes occurring in IPF, the
chronicity of tissue injury and elevated levels of the major monocyte chemoattractant
protein-1 (MCP-1) in both the BAL and serum of IPF patients [245, 246] suggests a role

for monocytes in the disease.
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1.4 Project aims

Given the essential roles monocytes play in wound healing after injury and the evidence
from animal studies that they replenish empty macrophage niches, there are surprisingly
few studies that have focused on phenotypic and functional differences that exist
between monocytes from IPF patients and healthy controls. Therefore, the aims of this

study were:

i. To characterise monocytes from IPF patients with stable and acute
exacerbations of disease and determine whether the immunophenotype of these

cells changes with different severities of disease.

i.  To explore the phenotypic characteristics of monocytes from IPF patients as they

differentiate into macrophages ex vivo.

iii. To determine whether functional differences exist between monocyte-derived-
macrophages from IPF patients compared to controls, including the influence of

these cells on fibrogenic end-points.
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2 Materials and Methods

2.1 Patients and participants

This was a cross-sectional study examining the phenotypic and functional characteristics

of monocytes from patients with IPF between January 2015 and April 2017.

Patient samples were acquired during specialist ILD clinics or during in-patient stays in
cases of AEIPF. Age and sex matched healthy volunteers were recruited predominantly
from orthopaedic pre-assessment clinics. Additional samples were obtained from
volunteers at the University. The study was approved by the South Central-Oxford C
Research Ethics Committee (REC ref: 14/SC/1060, appendix 1) and all subjects

provided informed consent.

Patients recruited within the study had a definite or probable diagnosis of IPF according
to the 2011 ATS/ERS/JRS/ALAT guidelines [13]. Patient and control demographics are

supplied in the results section in each chapter.

Exclusion criteria for both patients and controls were as follows:
1) The presence of coexistent lung disease (excluding emphysema if occupying
less than 25% of the lung volume)
2) Co-existent inflammatory disease or active cancer
3) Active or recurrent infection
4) Current smokers

5) Participants on greater than 10mg of prednisolone (with stable disease)

Disease severity was assessed by the use of 4 well-validated indices and is discussed
in detail in section 4.1:

1) Forced vital capacity (FVC)

2) Composite physiological index (CPI) [247]

3) Transfer factor for carbon monoxide (TLCO)

4) CT fibrosis scores

38



An acute exacerbation was defined as:

1) Deterioration in dyspnoea over 30 days or less
2) New airspace infiltrates on HRCT (with or without evidence of infection)

3) Exclusion of pulmonary emboli and heart failure

This definition of acute exacerbation (AE) was based on accepted criteria [14] but
modified to include instances where the disease may have been exacerbated by
infection. The decision to include these cases was based on the recent understanding
that microorganisms are likely to trigger acute decline in a significant proportion of
patients with a diagnosis of AEIPF [24, 64, 248]. Examination of clinical trial data found
that patients with AE who had infection investigated and excluded, followed a similar
clinical course as those who had not. It was therefore reasoned that excluding cases
where infection had not been definitively excluded would be arbitrary and might artificially
skew the findings [15, 249].

2.2 Clinical information

For monocyte phenotyping studies, lung function tests were undertaken on the same
day as blood sampling in all but 5 cases, which were performed a maximum of three
months beforehand due to reasons of practicality. In instances of acute exacerbation,
the most recent values obtained as an outpatient were recorded (all within a 12-month
period of sampling). Demographics, previous smoking status and clinical data including
use of anti-fibrotic agents, other medications and past medical history were recorded in

an anonymised database to ensure controls and IPF patients were well matched.
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2.3 Laboratory methods

2.3.1 Media

Name Composition

R10 RPMI-1640 (Sigma Aldrich) + 10% FCS + 1% L-Glutamine and 1% Pen/Strep

RO RPMI-1640 (Sigma Aldrich) + 1% L-Glutamine and 1% Pen/Strep

FACS / MACS 500mI PBS + 2% FCS + 2ml 0.5M EDTA
buffer
Saponin buffer 200ml PBS + 2g BSA + 2ml FCS + 1g Saponin

D10 DMEM (Sigma Aldrich) + 10% FCS + 1% L-Glutamine and 1% Pen/Strep

DO DMEM (Sigma Aldrich) + 1% L-Glutamine and 1% Pen/Strep

Table 2-1. Media used in experiments.

RPMI-Roswell Park Memorial Institute 1640 medium; FCS- foetal calf serum; pen/strep- Penicillin
Streptomycin; PBS- Phosphate Buffered Saline; EDTA-Ethylenediaminetetraacetic acid; DMEM- Dubecco’s
Modified Eagle’s Medium.

2.3.2 Extraction of peripheral blood mononuclear cells (PBMCs)

Blood samples were collected in 9ml tubes containing Lithium Heparin (Greiner bio-one
455084) and processed within 4 hours. Peripheral blood mononuclear cells (PBMCs)
were extracted using Ficoll density gradient separation. Blood was diluted in an equal
volume of R10 (Table 2-1) followed by layering of 25ml aliquots over 15ml of
Lymphoprep™ (Axis-Shield 1114544). Samples were centrifuged at 20000rpm for 20
minutes without a break enabling separation of the different cellular layers. PBMCs
where removed from the Lymphoprep™ interface layer using a Pasteur pipette. Cells
were then washed in R10. PBMCs were then counted under the microscope (Nikon)
using FastRead disposable cell counting chambers (Immune Systems, BVS100) and a
9:1 dilution of trypan blue (Sigma T6146).

2.3.3 Serum preparation

At the time of sampling, all participants had blood taken for serum using serum separator
tubes (BD Vacutainer SST Tube 367977). Tubes were centrifuged at 3000rpm for 5
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minutes to separate the serum which was removed using a Pasteur pipette and
transferred to a mini-Falcon tube. Samples were heat-inactivated at 56°C for 30 minutes
then left to cool to room temperature. Serum was aliquoted for monocyte differentiation

assays and stored at -20°C for future analysis of soluble factors.

2.3.4 Monocyte isolation

Monocytes were isolated from PBMCs by positive selection using CD14 microbeads
(Miltenyi Biotec 130-050-201) according to the manufacturer’s instructions. PBMCs were
counted, washed in MACS buffer (Table 2-1) and re-suspended in 80pl of buffer plus
20ul of microbeads per 10’ PBMCS. Cells were then incubated at 4°C for 15 minutes,
washed in MACS buffer and centrifuged at 1600 rpm for 10 minutes. Cells were
reconstituted in 500yl buffer and passed through a 30um cell filter and LS column. Purity
was assessed using flourochrome-conjugated antibodies to CD3, CD19, CD15, CD16

and CD14, and found to be consistently above 98%.

2.3.5 Generation of monocyte-derived macrophages (MDMs)

Monocytes were cultured in X-vivo (Lonza BE04-380Q) supplemented with 10%
autologous serum at a concentration of 1x10%/ml. 50ng/ml human M-CSF (Miltenyi Biotec
130-093-963) was added on day 0 to aid survival. Cells were plated onto low-adherence
plates (Corning CLS3471-24EA) and cultured at 37°C with 5% CO, for 6 or 7 days
depending on the experimental protocol. Media was replenished on day 4 with removal
of 20% of media followed by addition of 40% fresh media. On day 6 or 7, depending on
the assay, plates were removed from the incubator and placed on ice for 20 minutes.
Cells were then harvested by gentle pipetting into mini-Falcon tubes, washed and
counted. 1x10° cells were placed into round bottomed 96 well plates for flow cytometric
phenotypic staining. Flat bottomed 96 well plates were used for phagocytosis, ROS and

inflammasome assays.
2.4 Flow cytometry

Monoclonal antibodies used are listed in Table 2-2 and 2-3. Prior to experiments
antibodies were titrated to ensure optimal results. All cultured cells were incubated with

a fixable viability stain (Zombie Aqua, Biolegend 423102) for 15 minutes to enable
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exclusion of dead cells from subsequent analysis. Cells were surface stained within
100ul of FACS buffer (Table 2-1) and intracellular staining was undertaken in 100ul of "a
permeability buffer. Frequency-minus-one samples were used to establish the gating
strategy except for experiments where auto-fluorescence was a concern. In these
instances, isotype controls were used. For each experiment, cells were acquired using
a standardized experimental template on a 4-laser, 18-colour flow cytometer (BD

LSRFortessa™, LSRII). Data was analysed using Flowjo v10 software (Tree star, Inc).

2.4.1 Phenotypic and cytokine staining of monocytes within PBMCS
and MDMs

PBMCs: Following isolation of PBMCs, cells were plated into 96 well plates and stained
immediately for phenotypic analysis or cultured at 37°C overnight in R10 media in the
presence of either LPS (1ug/ml, Sigma L2630), r848 (TLR 7/8 agonist, 1ug/ml, Invivogen
144875-48-9) or left unstimulated for comparative purposes. Cytokine analysis was
conducted after a 20-hour stimulation period with Brefeldin A (10ug/ml, Sigma B7651)
added at 16 hours.

Surface staining: 5x10° PBMCs and 1x10° MDMs in 100 ul of FACs buffer were
transferred to 96 well plates and incubated with fluorochrome-conjugated monoclonal
antibodies (mADb) in the dark at 4 C for 20 minutes. They were then washed twice in FACs
buffer and fixed with Stabilising Fixative (BD 339860) for 15 minutes.

Intracellular staining (ICS): Following fixation, PBMCs were permeabilised with
Permeability Buffer | (BD 557885), and incubated with mAbs in the dark for 30 minutes
at room temperature. They were then washed once in Permeability Buffer |, twice with
FACs buffer and re-suspended in Stabilising Fixative. For ICS of MDMs, fibroblasts and
A549 cells, Saponin buffer (Table 2-1) was used rather than Permeability Buffer I.
Following incubation with mAb, cells were washed twice in Saponin buffer and once in
FACS buffer prior to fixation.
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Catalogue
number

Antibody

Fluorochrome Clone Supplier

Anti-AnnexinV  FITC VAA-33 Mouse IgG2a, k eBiosciences BMS147FI
Anti-CCR7 BV421 G043H7  Mouse IgG2a, k Biolegend 353208
Anti-CD14 PE-Cy7 HCD14 Mouse IgG1, k Biolegend 325618
Anti-CD14 FITC 61D3 Mouse IgG1, k eBioscience  11-0149-42
Anti-CD15 BV-650 W6D3 Mouse IgG1, k Biolegend 323034
Anti-CD15 PerCP-Cy5.5 W6D3 Mouse IgG1, k Biolegend 323020
Anti-CD15 PE HI98 Mouse IgM, k Biolegend 301906
Anti-CD16 AF700 3G8 Mouse IgG1, k Biolegend 302026
Anti-CD163 BV605 GHI/61 Mouse IgG1, k Biolegend 333622
Anti-CD163 APC-Cy7 GHI/61 Mouse IgG1, k Biolegend 333616
Anti-CD19 PE HIB19 Mouse IgG1, k Biolegend 302294
Anti-CD200R APC 0X-108 Mouse IgG1, k Biolegend 329308
Anti-CD206 APC-Cy7 15-Feb Mouse IgG1, k Biolegend 321120
Anti-CD3 FITC HIT3a Mouse IgG2a, k eBioscience  11-0039
Anti-CD36 APC-Cy7 5-271 Mouse IgG2a, k Biolegend 336214
Anti-CD62L FITC DREG-56 Mouse IgG1, k Biolegend 304804
Anti-CD64 PerCP-Cy5.5 10.1 Mouse IgG1, k Biolegend 305024
Anti-CD64 BV421 10.1 Mouse IgG1, k Biolegend 305020
Anti-CD68 PE-Cy7 Y1/82A Mouse IgG2b, k Biolegend 333816
Anti-CD86 PE IT2.2 Mouse IgG2b, k Biolegend 305406
Anti-E-cadherin APC 67A4 Mouse IgG1 Abcam ab99885
Anti-fibronectin AF488 F1 Rabbit IgG Abcam ab198933
Anti-HLA-DR AF488 L243 Mouse IgG2a, k Biolegend 307620
Anti-HLA-DR PE L243 Mouse IgG2a, k Biolegend 307605
Anti-HLA-DR PerCP-Cy5.5 L243 Mouse IgG2a, k Biolegend 307630
Anti-IL-10 APC JES3-19F1 Rat IgG2a, k Biolegend 506807
Anti-IL-4 APC 8D4-8 Mouse I1gG1, k Biolegend 500714
Anti-IL-6 APC MQ2-13A5 Rat IgG1, k Biolegend 501112
Anti-IL17A PerCP-Cy5.5 BL168 Mouse IgG1, k Biolegend 512314
Anti-MCP-1 FITC 2H5 Armenian Hamster IgG eBioscience  11-7096-81
Anti-N-cadherin PE 8C11 Mouse IgG1 Abcam ab93525
Anti-aSMA AF594 1A4 Mouse IgG2a, k Abcam ab202368
Anti-Vimentin FITC VAA-33 IgG2a, k eBioscience BMS147FI
Cell viability 7-AAD N/A N/A Biolegend 420404
Cell viability Zombie Aqua N/A N/A Biolegend 423102

Table 2-2. List of flourochrome-conjugated monoclonal antibodies used to characterise cells in this

study.
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Catalogue

Antibody Fluorochrome Clone Supplier number
Mouse IgG2a, k AF594 10D7A7B2 Abcam ab178001
Mouse F(ab’)21gG1 APC 15H6 Abcam ab37391
1gG2b PE-Cy7 MPC-11 Biolegend 400326
1gG1, k APC-Cy7 MOPC-21 Biolegend 400128
Mouse IgG1 PE B11/6 Abcam ab91357
Mouse IgG1, k APC P3.6.2.8.1 eBioscience 17-4714-42
Mouse IgG2b, k PE BMG2b eBioscience 12-4732-42
Mouse IgG1, k PerCP-Cy5.5 MOPC-21 Biolegend 400149
Mouse IgG1, k FITC P3.6.2.8.1 eBioscience 11-4714-42
Mouse IgG1, k BV605 MOPC-21 Biolegend 400161

Table 2-3. Isotype control mAbs used in the study.

2.5 Monocyte-derived macrophage studies

2.5

To test

1)

2)
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.1 Phagocytosis assays

phagocytosis, two assays were utilised:

Yellow-green carboxylate-modified polystyrene latex bead assay (Sigma L4655).
1um beads were incubated with cells at a ratio of 1 cell to 30 beads for 2 hours.
Prior to the assay, 100 000 cells/200ul were seeded onto flat-bottomed 96 well
plates. To assess the extent of non-specific binding of beads on the cell surface,
a phagocytosis inhibitor was used. 30nM cytochalasin D (Sigma C2618) was
added to control wells 30 minutes before the addition of latex beads. Optimisation
experiments were performed prior to the assays to ascertain the optimal number
of beads per cell, the concentration of cytochalasin required and the impact of
LPS on phagocytosis. Samples were analysed by flow cytometry. The emission

and excitation range of the latex beads is 470nm and 505nm, respectively.

pHrodo® Green E. coli bioparticle assay (Molecular Probes P35366). Due to the
issues that arose from non-specific cell surface binding when using latex beads,
the pHrodo assay was subsequently utilised. This kit employs a bioparticle

conjugated to a novel flourogenic compound that only emits light in conditions of



low pH. Therefore, only after ingestion by the MDM and uptake into the acidic
environment of the lysosome does a positive signal appear, eliminating concerns
regarding non-specific binding. For each patient sample, two wells within a flat
bottomed 96 well plate were used, each containing 100,000 cells. Into one of the
two wells per sample, Cytochalasin D was added for 30 minutes to serve as a
negative control. The plate was then spun and the media discarded and replaced
with a 100ul of pHrodo solution. This was prepared by adding 2ml of PBS to a
vial of pHrodo Green E. coli Bioparticles® and vortexing well to ensure a
homogeneous suspension. The plate was placed in the incubator for 30 minutes,
followed by subsequent centrifugation and replacement of the media by the
viability dye Aqua Zombie for a further 15 minutes. Samples were then washed
in FACS buffer and transferred on ice for immediate acquisition on the flow
cytometer (LSRII). The fluorescent bioparticles have an excitation/emission
range of 509/533nm.

2.5.2 ROS assay

This assay utilises the compound CM-H2DCFDA (Molecular Probes C6827) which is
normally non-fluorescent but passively diffuses into the cell where cellular esterases
cleave acetate groups and render the product responsive to oxidation. Induction of
oxidative stress subsequently results in a highly fluorescent adduct, which is retained in
the cell and allows comparative quantification of in vitro ROS activity. Optimisation
assays were carried out to determine the optimal length of the assay and concentration
of CM-H2DCFDA and hydrogen peroxide (H,O;) required.

The experiment was carried out according to the manufacturer’s protocol. MDMs were
cultured in X-vivo without phenol red (Lonza BEO04-743Q) supplemented with
Gentamicin, L-glutamine and 10% autologous serum. On day 7 cells were harvested,
counted and suspended in a single cell solution of PBS. 1x10°> MDMs in 100yl of PBS
were placed in a flat-bottomed 96 well plate. A vial of CM-H2DCFDA was reconstituted
with DMSO immediately before use then added to each well at a concentration of 5 yM.
Cells were incubated in the dark for 30 minutes at 37°C then washed in X-vivo. Oxidative
stress was induced using 0.03% H,0; for 1 hour. Cells were then washed and incubated
with a viability dye for 10 minutes before being placed on ice and acquired immediately
on the LSRII. Experimental controls included cells not exposed to CM-H2DCFDA or H,0O,
to ascertain background levels of ROS generation.
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2.5.3 Inflammasome assay

Sample preparation: MDMs were cultured as previously described and harvested on
day 6. 1x10° MDMs were used per experimental condition (undertaken in duplicate)
within a 96 well plate. Conditions were as follows: unstimulated cells, cells stimulated
with LPS alone (1:10000), Nigericin alone (1:1000, Invivogen tlrl-nig-5) and ‘test’ cells
that were stimulated with both LPS and Nigericin in order to induce inflammasome
activation and IL-1i release. LPS was added first for 16h followed by Nigericin for 30
minutes. The plate was then centrifuged and the supernatant removed, spun twice to
remove any remaining cells and stored at -20°C for future IL-1R testing using an ELISA-

based assay (section 2.6).

2.6 ELISA

2.6.1 IL-1B

IL-1R was measured using a quantitative sandwich ELISA. The assay was undertaken
according to the manufacturer’s protocol (R&D Human IL-1 beta/IL-1F2 Quantikine
ELISA Kit, DLB50). Supernatant samples collected from the inflammasome assay
(section 2.7), and IL-13 standards were added in duplicate to a microplate pre-coated
with a monoclonal antibody to IL-1R. After an incubation period of 2 hours, the plate was
washed three times in wash buffer and 200ul of an enzyme-linked polyclonal antibody to
IL-1R (Human IL-1R conjugate) was added to the wells for 1 hour. The wells were then
aspirated and washed three times with wash buffer and a substrate solution added for
20 minutes resulting in colouration of the wells proportionate the amount of IL-1 present
in the supernatant and standards. Stop solution was then added to terminate the reaction
and the optical density of each well was measured using a microplate reader set at a

wavelength of 450 nm with correction to 570 nm.
2.6.2 M-CSF

M-CSF was measured using a quantitative sandwich ELISA. The assay was undertaken
according to the manufacturer’s protocol (R&D Human M-CSF Quantikine ELISA kit,
DMCOOB). The assay follows the same steps described above for IL-1} with an initial
incubation period of 2 hours followed by washing and the addition of the M-CSF

conjugate for 2 further hours.
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2.7 Apoptosis assays

Positively selected monocytes (5x10°/ml) suspended in media (X-vivo and 10%
autologous serum) were plated in ftriplicate into 24 well plates (1ml per well) and
incubated at 37 C for 24 hours, 72 hours or 5 days. At each of the time points, cells were
harvested by placing plates on ice for 20 minutes followed by gentle scraping and suction
using a Pasteur pipette. Cells were collected into a mini-falcon tube, centrifuged and
transferred to a 96 well plate. Cells were then washed once in PBS, followed by binding
buffer (eBioscience BMS500BB) diluted 1 in 10 in distilled water, and then incubated
with 5ul Annexin V (FITC-conjugated, eBioscience BMS500FI-100) in 100ul diluted
binding buffer for 10 minutes in the dark, at room temperature. Cells were washed again
in binding buffer, re-suspended in 200ul of binding buffer and stained with 7-AAD.
Samples were then transferred on ice for immediate acquisition on the LSRII flow

cytometer.

For assays looking at the phenotype of cells undergoing apoptosis, the M1 marker CD64
(BV421, Biolegend) and M2 marker CD163 (APC-Cy7, Biolegend) were selected. Cells
were harvested as described above and transferred onto 96 well plates where they were
initially immunostained with 2ul of CD64 and 2ul CD163 and incubated at 4 C for 20
minutes in 100ul FACS buffer. Following washing in FACS buffer and PBS, the above

protocol was followed.

2.8 Neutrophil efferocytosis assay

2.8.1 Isolation of neutrophils

Neutrophils were isolated from whole blood using the MACSxpress isolation kit (Miltenyi
Biotec 130-104-434). The protocol is detailed in section 7.3.4.

2.8.2 Preparation of MDMs

Monocytes were cultured in X-vivo with 10% autologous serum as per previous
experiments and 1.5x10° cells were plated into 12 well culture plates (Corning 3613). On

day 7 cells were harvested into mini-falcon tubes and washed in PBS. The cell tracer
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Violet Proliferation Dye (VPD, Molecular probes C34557) was used at a concentration

of 1uM to label cells (section 7.3.6 for details).

2.8.3 Efferocytosis experiment

Aged neutrophils (between 18-20 hours’ post venesection) were added to MDMs at a
ratio of 1:3. Cells were incubated at 37°C for 2 hours then fixed with Stabilising Fixative.
Cells were acquired on the LSRII. Cell populations positive for both tracer dyes were

taken to be indicative of neutrophil efferocytosis by MDMs (section 7.3.7).

2.9 RNA extraction

Positively selected monocytes were isolated, quantified and centrifuged to remove the
supernatant. Monocytes were re-suspended in RLT to aid cell disruption and passed
through a QlAshredder (Qiagen 79654) to homogenise the cellular material. The lysate
was frozen at -80°C for later RNA extraction. A monocyte aliquot was taken after positive

selection to test the purity of the isolated population.

RNA extraction was undertaken using the RNAeasy Mini Kit (Qiagen 74104). Briefly, the
cell lysate was thawed and an equal volume of 70% ethanol was added. The solution
was placed into an RNeasy spin column with a collection tube in place and centrifuged
at 10,000rpm for 15 seconds. The flow-through was discarded and 700ul of RW1 buffer
was added to the spin column and then centrifuged again. The flow-through was again
discarded and 500pl of RPE buffer added to the column and the sample centrifuged at
10,000rpm for 15 seconds. This step was repeated with centrifugation for 2 minutes. The
spin column was then placed in a new collection tube and 30ul of RNase-free water
added directly to the spin column membrane and centrifuged for 1 minute at 10,000rpm
to elute the RNA. Aliquots were removed to assess RNA integrity using nanodrop and

Agilent technology and the remainder of the sample frozen at -80°C for gPCR.
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2.10 Quantitative PCR (qPCR)

Complementary DNA (cDNA) was synthesised from RNA using High Capacity cDNA RT
Kit (Applied Biosystems, Cat 4368813). The reverse transcription (RT) master mix was

prepared on ice using the components tabulated below (Table 2-4).

Componentin Volume per
RT Master Mix sample (ul)
10X RT Buffer 2
25X dNTP Mix (100mM) 0.8
10X RT Random Primers 2
MultiScribe™ Reverse Transcriptase 1
Total volume 5.8

Table 2-4. The components and quantities of reagents used in the Reverse Transcriptase (RT) master
mix for each RNA sample.

1ug of RNA was diluted with 14.2ul of RNase-free water in an Eppendorf tube. 5.8l of
RT master mix was then added and the sample centrifuged briefly to spin down contents.
Tubes were then transferred to a thermal cycler where they were incubated at 25°C for
10 minutes, 37°C for 120 minutes and 85°C for 5 minutes. Samples were removed and

placed on ice for subsequent gPCR.

cDNA samples were diluted to a concentration of 2ng/pl using nuclease-free water. 5yl
cDNA was transferred to a 384 well plate and samples were run in duplicate. Into each
well, 5yl of 2X Fast SYBR® Green Master Mix (Applied Biosystems, cat no 4385616)
and of 1pl of primer (5uM) were added. The plate was sealed and centrifuged at 1500rpm
for 4 minutes. The amplification reactions were performed in a 7500 Fast Real-Time PCR
system (Applied Biosystems). Fast mode was selected which consisted of a cycle on
hold for 20 seconds at 95°C, then 40 cycles for 3 seconds at 95°C and finally 60°C for

ACt . .
30 seconds. The delta-delta C; method (2 ) was used to determine the relative

expression of genes normalised to three endogenous controls; 3-actin, cyclophilin and
R2-microglobulin. Details of genes and primer sequences used in experiments are

documented in Tables 2-5 to 2-9.
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Accession Reverse Amplicon Design /
Forward primer Protein Transcript
number primer length Reference

TGFB1
IL-10
CD206
Cd200R1
COX-2
TGM2

CD163

C1QA

DSIPI
THBS1
TNFa
IL-6
CXCL10
GBP1
VEGF-A
CCR2
CD14

IL1R2

IDO1
FGL2

Table 2-5. Details of genes and primer sequences used for the characterisation of monocytes

NM_000660.5
NM_000572
NM_002438.3
NM_138806
NM_000963

NM_004613

CAATTCCTGGCGAT GCACAACTCCGG
ACCTCAG TGACATCAA
TACGGCGCTGTCAT GGCTTTGTAGATG
CGATT CCTTTCTCTTG
GGGTTGCTATCACT TTTCTTGTCTGTT
CTCTATGC GCCGTAGTT

GACCAGAGAGGGT TTGAAGCGGCCA
CTCACCA CTAAGAAG

ATGCTGACTATGGC TCGGGCAATCAT
TACAAAAGC CAGGCAC

GCCACTTCATTTTGCTCCTCTTCCGAGT
TCTTCAA CCAGGTACA

NM_004244.5 + GCGGGAGAGTGGA GTTACAAATCACA

V2

NM_015991.2
V1-2

V1-5
NM_003246.2

NM_000594

NM_000600.3
NM_001565
NM_002053.2

All 10 variants

AGTGAAAG GAGACCGCT

GCATCCAGTTGGAG ACAGAGCACCAG
TTGACA CCATCC

GTTTCCAGGTAAAG CGCCCCTACTTTT
TTAACAATTGA CCAATC

CAATGCCACAGTTC TGGAGACCAGCC
CTGATG ATCGTC

GGCCAAGCCCTGGT TAGTCGGGCCGA
ATGAG TTGATCTC
CCTGAACCTTCCAA TTCACCAGGCAA
AGATGGC GTCTCCTCA

TCCACGTGTTGAGA TCTTGATGGCCTT
TCATTGC CGATTCTG

CCAGTGCTCGTGAA TGTCATGTGGATC
CTAAGGA TCTGATGC

CCAGGAAAGACTGA TCAGGTTTCTGG
TACAGAACG ATTAAGGACTG

NM_001123041 CCACATCTCGTTCT CAGGGAGCACCG

2
NM_000591.3
V2-4

NM_004633.3

NM_002164

NM_006682.2

(chapter 3).
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CGGTTTATC TAATCATAATC
ACGCCAGAACCTTG GCATGGATCTCC
TGAGC ACCTCTACTG

CACATAGAGAGCGC GGCACTTCAATGT
CTACCC AGTTCTCATTATT

GCCAGCTTCGAGAA ATCCCAGAACTAG
AGAGTTG ACGTGCAA
GCTTCTTTTGCCTAT TGGATGGCAAAT
TGCGT GTTCAAAG

126

164

67

89

71

73

76

92

75

79

76

96

88

122

89

96

110

PrimerBank ID:
260655621c3

Transforming growth factor,

beta 1
Interleukin-10 (IL-10) Roche Online

PrimerBank ID:

CD206, Mannose Receptor 145312260c2

CD200 receptor 1 Roche Online

Cyclooxygenase-2
(COX-2)

Transglutaminase 2 (TGM2) Roche Online

Roche Online

High affinity scavenger
receptor for the hemoglobin-
haptoglobin complex

PrimerBank ID:
344179109c2

Complement component 1, q
subcomponent, A chain Roche Online

TSC22 domain family member .
3, TSC22D3 Roche Online

Thrombospondin 1 Roche Online

Tumour necrosis Factor
alpha (TNFa)
Interleukin 6 (interferon, beta Primer Bank ID:

Roche Online

2) 2248312352
Chemokine (C-X-C motif) .
ligand 10 Roche Online

Guanylate binding protein 1 Roche Online

Vascular endothelial growth
factor A (VEGF-A)

C-C motif chemokine
receptor 2

CD14, co-receptor for
bacterial LPS

Roche Online

Roche Online
PrimerBank ID:
291575162c1

Interleukin 1, receptor type 2 Roche Online

Indoleamine 2,3-

dioxygenase 1 (IDO1) oziis Ol

fibrinogen like 2 Roche Online



Accession Forward Reverse |Amplicon Design /
Protein Transcript
number primer primer length Reference

TNFa
IL-18
IL-6
COX-2
CD64
HLA-DR

STAT1
IRF5

IDO1
VEGF-A
IGF-1
AREG
TGFB
ccL18

CCL22
CD206
CD209
IL-4R

STAT3

STAT6
IRF4
PPARy

LGALS3
INHA
IL-10
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NM_000594
NM_000576
NM_000600.3
NM_000963
NM_000566.3

NM_019111.4

NM_007315.3
Va&b

NM_00109863
0

NM_002164

All 10 variants

GGCCAAGCCCTGG TAGTCGGGCCGA
TATGAG TTGATCTC
TTCGACACATGGGATTTTTGCTGTGA
TAACGAGG GTCCCGGAG
CCTGAACCTTCCAA TTCACCAGGCAA
AGATGGC GTCTCCTCA
ATGCTGACTATGGC TCGGGCAATCAT
TACAAAAGC CAGGCAC
AGCTGTGAAACAAA GGTCTTGCTGCC
GTTGCTCT CATGTAGA
AGTCCCTGTGCTAG ACATAAACTCGC
GATTTTTCA CTGATTGGTC

CGGCTGAATTTCGGCAGTAACGATGA
CACCT GAGGACCCT

GGGCTTCAATGGG GCCTTCGGTGTA
TCAACG TTTCCCTG

GCCAGCTTCGAGA ATCCCAGAACTA
AAGAGTTG GACGTGCAA

CCAGGAAAGACTG TCAGGTTTCTGG
ATACAGAACG ATTAAGGACTG

NM_001111283 TGTGGAGACAGGG ATCCACGATGCC

K
NM_001657.3

NM_000660.5

NM_002988.2

NM_002990.4

NM_002438.3
NM_005076.4
V1-8
NM_000418.3
V1345

NM_139276.2
V1-3

NM_00117807

GCTTTTA TGTCTGA

GTGGTGCTGTCGC CCCCAGAAAATG
TCTTGATA GTTCACGCT

CAATTCCTGGCGAT GCACAACTCCGG
ACCTCAG TGACATCAA

GCTCTGCTGCCTC GGGCTGGTTTCA
GTCTATACC GAATAGTCAACT

ATTACGTCCGTTAC TCCCTGAAGGTT
CGTCTGC AGCAACACC
GGGTTGCTATCACT TTTCTTGTCTGTT
CTCTATGC GCCGTAGTT
AATGGCTGGAACG CAGGAGGCTGC
ACGACAAA GGACTTTTT
CACCTATGCAGTCA GATGCGGAGGGA
ACATTTGGA GGGTTCTA

CAGCAGCTTGACA AAACACCAAAGT
CACGGTA GGCATGTGA

CGAGTAGGGGAGA GCAGGAGTTTCT

81V1-5  TCCACCTT ATCAAGCTGTG
NM_002460 V1 ACCCGGAAATCCC GGCAACCATTTT
&2 GTACCA CACAAGCTG
NM_138712.3 ACCAAAGTGCAATC ATGAGGGAGTTG
V15 AAAGTGGA GAAGGCTCT
NM_002306.3 GTGAAGCCCAATG AGCGTGGGTTAA
V183 CAAACAGA AGTGGAAGG
AGACAGCTCTTACC TCTCCTCTTCAG
NM_002192.3 )\ CATGATACAA  CAAATTCTCTTT
TACGGCGCTGTCAT GGCTTTGTAGAT
NM_000572 coprr GCCTTTCTCTTG

84

75

90

75

131

138

96

96

84

97

86

72

100

126

68

88

150

92

84

100

76

78

103

Tumour necrosis Factor alpha
(TNFa)

Interleukin-1 beta
(IL-1R )

Interleukin-6 (IL-6)

Cyclooxygenase-2
(COX-2)

CD64- Fc-Gamma Receptor | A1

major histocompatibility complex,
class Il, DR alpha

Signal Transducer And Activator
Of Transcription 1 (STAT1)

Interferon Regulatory Factor 5
(IRF5)

indoleamine 2,3-dioxygenase 1
(IDO1)

Vascular Endothelial Growth
Factor (VEGF-A)

Insulin-like Growth Factor-1 (IGF-
1)

AREG/

amphiregulin

Transforming Growth Factor beta
(TGFR)

Chemokine CCL18

Chemokine CCL22
CD206, Mannose receptor
CD209 (DC Sign)

IL-4 Receptor (IL-4R)

Signal Transducer And Activator
Of Transcription 3 (STAT3)

Signal Transducer And Activator
Of Transcription 6 (STAT6)

Interferon Regulatory Factor 4
(IRF4)

Peroxisome Proliferator-activated
Receptor-gamma (PPARY)

Galectin-3 (LGALS3)
Inhibin alpha subunit (INHA)

Interleukin -10 (IL-10)

Roche Online

PrimerBank
1D:27894305¢c3

Roche Online

Roche Online

Primer Bank ID:
31334a1
Primer Bank ID:
301171411c1

PrimerBank ID:
189458859c3

PrimerBank ID:
148833495¢1

Roche Online

Roche Online

Roche Online

PrimerBank ID:
22035683c1

Rohe Online

High CCL18/PARC
Expression in
Articular Cartilage
PrimerBank ID:
300360575¢c2
PrimerBank ID:
145312260c2
PrimerBank ID:
15281077a1
PrimerBank ID:
56788410c3

PrimerBank ID:
47080104c1
PrimerBank ID:
296010867c2

PrimerBank ID:
305410879c3

PrimerBank ID:
116284372c2

PrimerBank ID:
294345474c2

Roche Online

Roche Online



Accession Forward Reverse |Amplicon Design /
Protein Transcript
number primer primer length Reference

CD163 - High affinity scavenger

CD163  \V.0042445 GOGGGAGAGTGGA GTTACARATCACA rocepior fo v nemogiebin”  Roche Onine

haptoglobin complex

CD273/ ACCCTGGAATGCAA AAGTGGCTCTTT CD273/Programmed cell death  PrimerBank ID:
NM_025239.3 109

PDL-2 = ~ CTTTGAC CACGGTGTG ligand 2 (PDL2) 190014604c2

CD274/ NM_014143.3 TGGCATTTGCTGAA TGCAGCCAGGTC 0 CD274/Programmed cell death  PrimerBank ID:

PDL-1 V184 CGCATTT TAATTGTTTT ligand 1 (PDL1) 292658763c1

ATGAGCATTCAGAC TTTTAGGGGCTAA IL-10 Receptor beta PrimerBank ID:

IL-10RB  NM_000628.4 T inrinnc GAAACGCAT 123 (1L-10RR) 244302142

GR/ Glucocorticoid Receptor . .

O o WMJHOTe2 ACOMOCTIE AGTECTIGE0R gy (B e sy SO

3C 3 Group C Member 1 (NR3C1)

ATF3 NM_001674.3 CCTCTGCGCTGGA TTCTTTCTCGTCG 11 Activating Transcription Factor 3  PrimerBank ID:
V1,357-8  ATCAGTC CCTCTTTTT (ATF3) 346223459c1
NM_000591.3 ACGCCAGAACCTT GCATGGATCTCC CD14, co-receptor for bacterial PrimerBank ID:

CD14 122
+V2-4 GTGAGC ACCTCTACTG LPS 291575162c1

CSF1.R M 0052113 TCCAAAACACGGG CGGGCAGGGTCT o g°'°”yt Sl il (Fetel PrimerBank ID:

= V1,284 GACCTATC TTGACATA ¢ gscf__";_%') 195947380c2

Table 2-6. Details of genes and primer sequences used for the characterisation of MDMs (chapter 5).
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Accession Forward Reverse Amplicon . . Design /
. . Protein Transcript
number primer primer length Reference
AGAAGAGCGACCC CGGTTAGCACACA FGF2 - Fibroblast growth PrimerBank ID:
FGF2 NIV (00010315 TCACATCA CTCCTTTG 52 factor 2 153285460c1
TCCTGCCAACTTTG CAGGGCTGGAACA FGF7 - Fibroblast growth PrimerBank ID:
FGF7 RERIOZ00S CTCTACA GTTCACAT 2 factor 7 219842354c1
GCAAGACCAGGAC GGCACTTGACACT PDGFa - Platelet derived PrimerBank ID:
PDGF-A REUOZEDE GGTCATTT GCTCGT R growth factor alpha 197333758c1
. CCAGGAAAGACTG TCAGGTTTCTGGAT VEGFa - Vascular endothelial .
VEGF-A A0 variants — x\rAcAGAACG  TAAGGACTG ke growth factor alpha g @il
AAAAGTGCATCCGT CCGTCGGTACATAC CTGF - Connective tissue PrimerBank ID:
CTGF ML B2 ACTCCCA TCCACAG e growth factor 98986335c3
GCTATCGGGGTAAA CGTAGCGTACCTCT HGF - Hepatocyte growth PrimerBank ID:
HGF NM_001010931 " ;ccraca GGATTGC £ factor 58533162¢1
TGTGGAGACAGGG ATCCACGATGCCTG IGF-1 - Insulin-like growth .
IGF-1 NM_001111283.1 orrrra TCTGA 2 (etiar il (EamEiamedm @) e Sl
CCTGAACCTTCCAA TTCACCAGGCAAG IL-6- Interleukin 6 Primer Bank ID:
IL-6 REROCRER0 AGATGGC TCTCCTCA 7% (interferon, beta 2) 224831235c2
TCAAACTGAAGCTC GTGACTGGGGCAT MCP-1 (CCL2) - Monocyte .
mcp-1 (CCLZ) L GCACTCT TGATTG 222 chemoattractant protein-1 Recheleesien
CAATTCCTGGCGAT GCACAACTCCGGT TGFR1 - Transforming growth PrimerBank ID:
TGFB1 ML EEEnE ACCTCAG GACATCAA £6 factor, beta 1 260655621c3
GTGCGATGACGTG CGGTGGTTTCTTG . PrimerBank ID:
COL1A1 NM_000088.3 -t o) e 119 Collagen Type | alpha 1 chain 1100/ 02-, o
TTGAAGGAGGATG ACAGACACATATTT Collagen Type Ill alpha 1 PrimerBank ID:
COL3A1 NME000090%3 TTCCCATCT GGCATGGTT &2 chain 110224482c2
TACCCTGCGTCTGC GCTCGTTGTAGATG Collagen Type V alpha 1 PrimerBank ID:
COL5A1 RRIRO000SC ATTTCC GAGACCA & chain 89276750c2
ACACCGACTGCGCT CGGTCACCACAATC Collagen Type VI alpha 1 PrimerBank ID:
COL6A1 ML B2 ATCAAG AGGTACTT 0 chain 87196338c2
AGGAAGCCGAGGT AGGACGCTCATAA . . PrimerBank
FIBRONECTIN1 NM_212482.2 TTTAACTG GTGTCACC 106 Fibronectin ID:47132556¢2
MMP2 - Matrix
TACAGGATCATTGG GGTCACATCGCTCC . PrimerBank ID:
MMP2 NM_004530 CTACACACC AGACT 90 metaIIAoprotelnase 2 TR
(Gelatinase A)
MMP9 - Matrix
TGTACCGCTATGGT GGCAGGGACAGTT . PrimerBank ID:
MMP9 NM_004994 e e 97 metall'oprotelnase 9 el
(Gelatinase B)
CCGCAACCGACAG ATCGCTCCATACCT MMP11 - Matrix PrimerBank ID:
MmP11 REROOESEE AAGAGG TTAGGGC e metalloproteinase 11 58331147c1
ACCGCAACGTGGTT TTGAATCCCATAGC PAI-1 - Plasminogen activator PrimerBank ID:
PAI-1 N BITeis; TTCTCA TGCTTGAAT e inhibitor type 1 383286746c1
TTGCTCACCACAAC GGCAGGCAGATGG Urokinase-type plasminogen .
UPA NM_001145031.2 ., *\o e~ 94 I Roche design
GCCACTTCATTTTG TCCTCTTCCGAGTC . .
TGM2 NM_004613 ETTEAS e 67 TGM2 - Transglutaminase 2 Roche Online
CTTCTGCAATTCCG ACGCTGGTATAAGG Tissue inhibitor of PrimerBank ID:
TIMP1 NI BIOEEE ACCTCGT TGGTCTG 2 metalloproteinase 1 73858576¢c1
GATGAGCAACTTG CTGGGCTGCTTATC $100 calcium-binding protein PrimerBank ID:
S100A4 N BIZEIS GACAGCAA TGGGAAG o A4 4506765al
TTATTACCTCAATTT TCAGGATACATAGA .
HAS2 NM_005328.2 T e TG 123 Hyaluronan synthase 2 Roche Design
. CTGCCGCTTTGCAG CATTGTGGGCAAG CD44 - Cognate receptor PrimerBank ID:
CD44 POVEILNLE GTGTA GTGCTATT e for hyaluronan 48255942c1

Table 2-7. Details of genes and primer sequences used for the characterisation of primary human
lung fibroblasts (ELF) following transwell co-culture with MDMs (chapter 6).
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Accession Forward Reverse Amplicon . . Design /
. . Protein Transcript
number primer primer length Reference
MSR1 NM_138715.2 GCAGTGGGATCAC AGCTGTCATTGAG 85 MSR-1 - Macrophage Primer Bank ID:
V1-3 TTTCACAA CGAGCATC scavenger receptor 1 109148505¢c1

MARCO - Macrophage

86 receptor with collagenous PR (EETX 1%

MARCO NM_006770.3 TGTCCGTCAGGAT CTCGTCATCGCAA

TGTCGG ATTGTCCC 56237031c3
structure
CD36 NM_001001548. CTTTGGCTTAATGA GCAACAAACATCA 134 CD36/Thrombospondin  Primer Bank ID:
2V1-5 GACTGGGAC CCACACCA receptor 188536061c3
GTGCAGCGTTCAG TCGATGTAGATGG MerTK - c-mer proto- PrimerBank ID:
MERKT ~ NM_006343  \cpnTGG GATCAGACAC &S oncogene tyrosine kinase 66932917¢3

Table 2-8. Details of phagocytic genes and primer sequences (chapter 7).

Accession Forward Reverse Amplicon Protein Design /
number primer primer length Transcript Reference

ATGCTGGACCC TCTTTCACTTTG

CYCLOPHILIN-A NM_021130.3 AACACAAAT CCAAACACC 97 Cyclophilin A Roche Online
TGACTTTGTCA .

BETA-2- AATGCGGCATCT . . PrimerBank ID:

MICROGLOBULIN NM_004048 gAGCCCAAGAT TCAAACCT 78 Beta-2-Microglobulin 377043801
CCTGGCACCCA GCCGATCCACA . PrimerBank ID:

BETA-ACTIN NM_001101 GCACAAT CGGAGTACT 69 Beta-Actin 4501885a1

Table 2-9. Details of the three housekeeping genes used in the analysis of gene expression as
endogenous controls.

2.11Fibroblast studies

2.11.1 Culturing primary fibroblasts

Primary human lung fibroblasts where obtained from surgical pneumonectomy explants.
Optimisation experiments were undertaken to ensure that fibroblasts from different
donors had similar characteristics and responses to stimulation. Subsequently,
fibroblasts from a single source were selected for use in all assays to ensure consistency
and enable comparison. Fibroblasts between passage 2 — 7 were used for assays and
cryopreserved in liquid nitrogen when not in use. Fibroblasts were cultured in D10 (Table
2-1) in sterile T75 flasks (Corning 430725U). Media was changed every 3 days and cells
were split into 3 flasks every 3-5 days using trypsin-EDTA to detach cells (Gibco
25300054).
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2.11.2 Co-culture and transwell experiments

Fibroblasts were harvested using trypsin-EDTA and then washed in D10 to neutralise
trypsin activity. To identify fibroblasts and study relative proliferative capacity, cells were
labelled with the cell tracer dye VPD (section 6.3.6 for details). This was undertaken by
washing fibroblasts in PBS to remove traces of serum and re-suspending cells within a
mini-falcon tube at a concentration of 10%ml of PBS. VPD (1uM) was added and
fibroblasts incubated at 37°C in a water bath for 10 minutes. The tracer dye was then
removed by washing cells twice in 10ml of D10. Cells were re-counted and suspended
in fresh media consisting of DMEM containing 2.5% FCS, 2% Pen-Strep and 2% L-
Glutamine (D2.5). 5x10* of fibroblasts in 1ml of media were seeded onto 12-well plates

and left to adhere overnight.

Co-culture experiments were undertaken by adding MDMs (2x10° in 500ul media)
directly to the wells containing fibroblasts. To study the effect of secreted mediators on
fibroblast characteristics, indirect co-culture assays were performed using a 0.4 um
transwell insert to separate cell populations (Corning EK-680175). The transwell was
placed into the well above the fibroblast layer and 500ml of media containing 2x10°
MDMs added to the upper chamber. Plates were cultured at 37°C, 5%CO, for 72 hours.

Following incubation, cells were harvested with trypsin-EDTA, washed in D10 then
surface stained with HLA-DR to identify MDMs. Cells were then fixed and permeabilised
for ICS staining with aSMA. For transwell experiments, the insert was discarded and
fibroblasts were stained for aSMA without initial surface staining. Cells were analysed

via flow cytometry on the LSRII using a standardised template.

For studies looking at the effect of MDMs on RNA expression in fibroblasts, transwell
inserts were used containing MDMs within the upper chamber. After 72 hours, the inserts
were discarded and the media removed from the wells. Fibroblasts were processed by
adding 500ul RLT (Qiagen 79216) to the well for 5 minutes. The cellular solution was
then pipetted into Eppendorf tubes and frozen at -80°C for later RNA extraction.

2.11.3 Immunofluorescence

5x10° fibroblasts were seeded on to a Perkin-Elmer Cell Carrier black clear-bottom 96
well plate and allowed to attach overnight at 37°C 5% CO2. 5x10* MDMs or monocytes
were then added to the wells and incubated for 72 hours. As a positive control, 10ng/ml
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human TGFR (hTGFR, Miltenyi Biotec 130-095-067) was added to wells containing
fibroblasts without MDMs. On day 3, Media was aspirated from the wells, cells washed
with PBS and fixed with 4% formaldehyde for 20 minutes at room temperature. Cells
were then permeabilised with 0.2% TritonX-100 for 10 minutes, blocked with 3% FCS for
60 minutes and incubated with aSMA or an isotype control overnight at 4C. Wells were
washed 3 times in PBS and a secondary antibody applied (Biolegend, Alexa 488 anti-
mouse, 1:500) for 1 hour at room temperature. Cells were then counterstained with DAPI

and images acquired on a Zeiss Axiovert S100 microscope.

2.12 Epithelial-mesenchymal transition/mesenchymal-epithelial
transition (EMT/MET) studies

Low-passage (passage 4-6) A549 cells (ATCC® CCL-185™) were used. Epithelial and
mesenchymal markers were measured at baseline via flow cytometry to ensure that
there was no evidence of EMT prior to co-culture and transwell assays. A549 cells were
labelled with the cell tracer VPD, as described previously, and aliquots were frozen down

and thawed for each assay.

A549 cells were seeded onto 12 well plates (1.25x10* for EMT studies, 2.5x10* for MET
studies) in R10. EMT was induced in cells using 5ng/ml of hTGFR, and cells were
subsequently incubated for 72 hours at 37°C. Cells were then visualised under the
microscope to assess degree of confluency and morphological appearances. Media was
then replaced with RPMI containing a lower concentration of FCS (2.5%). 2x10° MDMs
were added either directly to the well or onto the upper chamber of a 0.4 um transwell.
Plates were incubated for 6 days (this time period was determined following optimisation

experiments), with a partial media change (20% removed, 40% added) on day 3.

Following incubation, transwell inserts were discarded and cells harvested using trypsin-
EDTA. Cells were surface stained with mAbs to HLA-DR (co-cultures only), E-cadherin
and N-cadherin, and then fixed. ICS for fibronectin, SMA and vimentin was then

undertaken and results obtained via flow cytometry.
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2.13Cryopreservation and thawing of samples

A549 cells and fibroblasts for cryopreservation were centrifuged at 1500rpm for 8
minutes to obtain a cellular pellet. The supernatant was then removed and the cells were
resuspended at 1-2x10° /mlin freezing media [10% dimethyl sulphoxide (DMSO, Sigma
D8418-100ML) in FCS]. Cells were frozen in 1ml aliquots in labelled cryovials (Alpha
laboratories LW3332) and transferred in a freezing container (CoolCell®SV2, Biocision
cat no BCS-172) to a -80°C freezer. For long-term storage, cells were transferred on dry

ice to liquid nitrogen.

Cells were thawed by placing cryovials in a 37°C water bath until the freezing media had
almost melted (around 1 minute). Cells were then pipetted drop by drop from the cryovial
into a mini-falcon tube containing 10ml of R10 (for A549 cells) or D10 (for fibroblasts)
prewarmed to 37°C. Tubes were centrifuged at 1500rpm for 8 minutes and the
supernatant discarded. Cells were then resuspended in 10ml of R10/D10 and
centrifuged once again at 1500rpm for 8 minutes to remove traces of DMSO. Cells were
then resuspended in media, counted and the concentration determined for planned

experiments.

2.14 Statistical analysis

GraphPad Prism version 7.00 for Windows (La Jolla California USA,

www.graphpad.com) was used for all statistical analysis. D’Agostino—Pearson omnibus

normality test was used to determine the distribution of data. For comparison of data sets
that showed normal distribution, the Student t-test was used. Mann-Whitney test was
applied for data that was not normally distributed. To compare multiple data sets that
were normally distributed, one-way ANOVA with Tukey’s correction for multiple
comparisons was used. Multiple data sets that were not normally distributed were
analysed using Kruskal-Wallis test with Dunn’s correction for multiple comparisons.
Paired data sets were analysed using the paired t-test or Wilcoxon test when data did
not show a normal distribution. Data correlations were undertaken using Pearson test
and to determine whether systemic deviation existed in the scoring of CT scans by
independent radiology assessors, Bland-Altman plots were used. A p-value of less than
0.05 was considered significant. For work involving patient samples, error bars on graphs
represent standard deviation (SD). For studies examining cell lines and cell explants,

error bars represent standard error of the mean (SEM), unless stated otherwise.
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3 Monocyte phenotype in stable and acute

exacerbations of IPF

3.1 Introduction

In recent years, there has been a growing interest into the potential role of monocytes in
the development of particular diseases. Pathogenic processes where macrophages are
noted to play a prominent role, such as in the formation of atherosclerotic plaques and
inflammatory conditions such as rheumatoid arthritis (RA), have been of particular focus
[169, 234, 250, 251]. Perturbations in the proportions of the traditional monocyte subsets
have been demonstrated leading to hypotheses that skewing of monocyte populations
may either predispose to disease or accentuate its progression. Atherosclerosis for
example appears to be linked to CD16+ monocytes with numbers positively correlating
with traditional risk factors such as hyperlipidaemia and body mass index (BMI) [177]. In
a large prospective cohort study looking at monocyte subsets in 951 patients undergoing
elective angiography, investigators found that high numbers of classical (CD14+CD16-)
monocytes were associated with an increased risk of myocardial infarction, stroke and
cardiovascular death [173]. Non-classical monocytes have also been found to be
elevated in patients with systemic lupus erythematosus (SLE) and RA, with frequency

correlating with other indicators of disease activity and severity [169, 252].

Monocytes can also be defined by the relative expression of other cell surface receptors.
In particular, CD64 (FCyRI), is upregulated in a number of inflammatory and autoimmune
diseases. CD64 is an FC receptor that binds IgG, mediates the phagocytosis of antibody
bound cells, internalises immune complexes and stimulates inflammatory cytokine
production [250, 251, 253]. CD64 expression on monocytes correlated with indices of
disease severity in RA as well as biochemical markers of inflammation such as the C-
reactive protein (CRP) and erythrocyte sedimentation rate (ESR) in psoriatic arthritis.
CD64 normalised following successful response to treatment and its role as a biomarker

for disease activity has been proposed [250, 253].

Monocytes differentiated into macrophages in the presence of polarising agents result in
subpopulations of cells with distinct phenotypes that have been linked to specific in vivo
functions. LPS and IFNy polarise monocyte-derived-macrophages (MDMs) to an

inflammatory phenotype (referred to as ‘M1’) that release mediators such as TNFa, IL-6
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and IL-1p3 in response to stimulation. In contrast, cytokines such as IL-4, IL-10 and IL-13
result in macrophages with anti-inflammatory phenotypes associated with reparative and
immunomodulatory activities. These are referred to as ‘M2’ populations which have been
further subdivided to incorporate groups of cells with a range of activities (detailed in
1.3.4) [196, 197, 199, 202, 203]. Whilst in recent years this categorisation of MDMs
based on defined forms of stimulation has been criticised as being poorly reflective of in
vivo events, it may still have utility in enabling the identification and comparison of
different cell populations [196]. Fibrosis for example is linked to ‘M2’ reparative
macrophage activity and phenotypes associated with these cells have been defined in a
number of animal and human studies [78-80, 126, 204, 227, 254, 255]. What is less well
researched however is whether receptors associated with macrophage phenotypes are

also present on monocytes and if so, whether they differ in health and disease.

Monocytes respond to pathogen-associated molecular patterns (PAMPs) and danger-
associated molecular patterns (DAMPS) through pattern recognition receptors (PRRs)
including toll-like receptors (TLRs) located on their cell surface and within endosomes.
Bacterial and viral ligands stimulate TLR pathways resulting in the release of chemical
mediators to aid recruitment and activation of cells to orchestrate inflammatory and
reparative responses [256, 257]. Inappropriate production and sustained release of
inflammatory mediators such as MCP-1, IL-6 and TNFa, however, can result in
perpetuating tissue damage. Over-expression of cytokines TNFa, IL-13 and IL-6 led to
the development of lung fibrosis in rodent models [100, 109, 121]. Interestingly, high
levels of inflammatory cytokines have been demonstrated in the lung tissue and BALF
of IPF patients, including TNFa and IL-1(3 [98]. The prevailing hypothesis that a repetitive
or chronic stimulus drives a profibrotic response in IPF [64] has led some to question the
role of viruses as aetiological agents [64, 73]. Alveolar epithelial cell (AEC) damage
induced by pathogens that infect the respiratory tract may be a mechanism by which
fibrogenic processes are mediated, and sustained activation of monocytes and
macrophages in response to PAMPs may also play an important role. Alveolar
macrophages taken from IPF patients exhibited enhanced IL-1§ release in response to
stimulation compared to controls indicating that macrophage populations in IPF exhibit

differential responses to stimuli [98].

Surprisingly, there have been few studies looking at the role of monocytes in idiopathic
pulmonary fibrosis despite significant research efforts examining polarised macrophage

responses in the context of injury and repair in lung fibrosis [25, 39, 41, 240, 258]. Studies
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on alveolar macrophages in IPF patients have demonstrated high expression of the M2
markers CD163 and CD206 [25, 39], although published works on monocytes, which
number only a handful, has not looked in detail at their phenotypic and polarisation
characteristics [236, 259-261]. In addition, some of the data needs to be interpreted with
caution. The profibrotic mediator periostin for example, was found to be increased in IPF
monocytes, but the control group had only three subjects, limiting any conclusions that
can be drawn [260]. Another study published in 2010 found that CD163 was increased
on monocytes in patients with progressive disease but this receptor is also upregulated
by steroids which are often administered to patients with deteriorating symptoms and
may have been a confounding factor [236]. A wide-ranging study examining the
phenotypic characteristics of monocytes from patients with IPF, including AEIPF, in

comparison to age and sex matched controls, has not yet been performed.

The focus of this part of the study was to examine the immune phenotype of monocytes
from IPF patients to evaluate if they differed from age-matched controls. The cytokine
response of monocytes to ligands inducing bacterial and viral pathways was also
investigated. In addition to traditional monocyte subsets, markers more commonly
associated with polarised macrophage responses were used to determine whether
monocytes from IPF patients showed an inflammatory, reparative or more activated

phenotype than controls.

3.2 Hypothesis and Aims

| hypothesised that monocytes from patients with IPF are distinct from age-matched
healthy controls and exhibit characteristics indicative of a reparative phenotype that are
further enhanced during AEIPF.

To test this hypothesis, | undertook the following:

i. Characterised monocyte subsets from IPF patients with stable disease and with

acute exacerbations and compared the findings to age-matched healthy controls.

ii. Determined the effects of representative viral and bacterial pathogen associated
molecular patterns (PAMPS) on monocyte cytokine production and polarisation
markers.
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iii. Investigated the expression of genes associated with inflammatory and reparative
processes in freshly isolated monocytes from IPF patients compared to healthy

controls

3.3 Methods
3.3.1 Participant samples

Samples were collected from January 2015 to February 2016 from Oxford University
Hospitals NHS Trust. Patient samples were acquired during specialist Interstitial Lung
Disease (ILD) clinics or during in-patient stays. Age and sex-matched healthy volunteers
were recruited from orthopaedic pre-assessment clinics or from the University and
screened for smoking, the presence of co-existent inflammatory conditions and lung

disease. Medical history and current medications were documented.

3.3.2 Isolation and preparation of peripheral blood mononuclear cells
(PBMCs)

Blood samples were collected in heparinised tubes and Ficoll separation was used to
extract PBMCs (section 2.3.2). Cells were then transferred to 96 well plates for
immediate immunostaining of monocytes using mAbs and plated in triplicate where
PBMCs were stimulated overnight with LPS, r848 or without stimulation for control
purposes. Brefeldin was added after 16 hours for 4 hours and the cells were then surface
stained, fixed and permeabilised to assess cytokine responses (section 2.4.1, mAb panel
Table 2-2 and 2-3). Absolute monocyte counts were calculated by measuring the starting
volume of blood, PBMC count following extraction and monocyte and live cell counts
identified by flow cytometric analysis. The following formula was used:

PBMC count monocyte number (event count)
Cells/ml blood =

ml blood x live cells (event count)
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3.3.3 Flow cytometry and gating strategy

To identify monocytes within PBMCs, three cell surface receptors were used; CD14,
CD15 and CD16. CD15 was included in the staining panel to enable the exclusion of
low-density neutrophils remaining within PBMCs following the process of density-
gradient separation, and to ensure that CD16+ cells were representative of monocyte
subsets rather than neutrophils. The gating strategy to identify phenotypic markers on
monocytes is demonstrated in Figure 3-1. Doublet cells and cellular debris were first
excluded based on FSC-H/FSC-A and SSC/FSC appearances, respectively. Monocytes
were then identified by CD14 expression. Samples stained for CD14, CD15 and CD16
only were used to establish the gating for the phenotypic marker of interest (Figure 3-1).
The gates were then applied to ‘test’ samples containing all the phenotypic markers
(Table 3-1). PBMCs that were stained immediately after isolation showed a viability of
greater than 97% in optimisation studies and so the viability dye was not routinely used
for fresh cells but included for all cultured samples. To measure cytokine expression,
cells cultured overnight without stimulation were used to establish the gating for the

cytokine of interest then applied to the stimulated samples.

To identify the traditional monocyte subsets based on expression of CD14 and CD16,
the gating strategy demonstrated in Figure 3-2, was used as described in the literature
[165, 262-264]. Classical monocytes were defined as CD14"™ CD16™9 and in cases
where the FACS plots did not show clear demarcation between the classical and
intermediate populations, CD16 histograms were generated to aid with the gating of the
subsets. The geometric mean fluorescence intensity (MFI) was used to represent the

intensity of receptor expression on each of the monocyte subsets.
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FSC-H

CD163 CD163

Figure 3-1. Gating strategy to identify freshly isolated monocytes within PBMCs and their cell surface

markers.

From the top left: Singlet gate, cells (removal of cell debris), gating out of CD15 positive cells, identification
of CD14 cells, gating of CD163 on CD14+ cells on a sample without CD163 staining and the gating applied
to a test sample enabling the percentage CD163+ cells to be calculated.

PerCP- PE-
BV510 | BvV421 | BV605 | BV650 FITC Cy5.5 Cy7 _
Fresh - - - CD15 - - CD14 - CD16 -
PBMC
staining - CCR7 | CD163 | CD15 | CD62L CD64 | CD14 | CD86 | CD16 | CD206
Viability - - CD15 - - CD14 - CD16
20h
staining
following o
LPS and Viability - CD163 | CD15 IL-4 CD64 | CD14 | IL-10 | CD16 | CD206
r848
stimulation
Viability | CCR7 | CD163 | CD15 | MCP-1 CD64 | CD14 | IL-6 CD16 | CD206

Table 3-1. Phenotypic and cytokine panel used to characterise fresh and cultured monocytes.
For each participant sample, cells were stained with CD14, CD15 and CD16 only to establish the gating of
the phenotypic markers and this was then applied to ‘test’ samples containing all the markers of interest.
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SSC
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,/ Non-Classical = A
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Intermediate = M

—t— Classical —| |

CD16

CD14

Figure 3-2. Gating strategy to classify monocyte subsets and the proportions of each subset in IPF
patients and controls.

Classical monocytes were classified as CD14 high and CD16 negative based on FACS plots and histograms
for CD16. Intermediate cells express both CD14 and CD16 whilst non-classical population were CD14 low
and CD16 positive.

3.3.4 RNA extraction and qPCR analysis

To consolidate the monocyte phenotypic findings, RNA was extracted from CD14
positively selected monocytes (section 2.9) to ascertain if differences existed in the
transcription of 20 genes recognised to play key roles in inflammatory and reparative
processes [126, 196] (Table 2-5). qPCR (Section 2.10) was performed on RNA from 8
controls, 7 stable patients and 7 with AEIPF. The fold change over three housekeeping
genes (cyclophilin A, 82-microglobulin and B-actin) was used to determine the relative

expression of the genes of interest.
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The purity of monocytes used for gene expression analysis was assessed by flow
cytometry. A panel of fluorochrome-conjugated antibodies was used to identify
monocytes (CD14), T cells (CD3), B cells (CD19), and neutrophils (CD15 and CD16).

The percentage of monocytes after positive selection was around 99% (Table 3-2).

()
Mean Gender | % Definite Yo on % on Monocyte Mean RIN
age o I . . steroid Pirfeni . R
(range) (% male) | diagnosis treatment irfenidone purity (Range)
9.5

Controls 67.3 98.6 .
8  (50-72) 7 N/A 0 N/A (98.6-98.7)  (8.9-10)
29
Sf;‘,’éle 70.8 100 71 0 (1 patient 99.2 10
(57-83) stopped 6 weeks ~ (97.8-99.8) (9.5-10)
() rior
prior)
AEIPF 714 99.3 10
(7)  (52-80) = 4 g <0 (98.6-99.8)  (9.7-10)

Table 3-2. Details of controls and IPF patients from which monocyte RNA was extracted.
The purity of positively selected monocytes was assessed via flow cytometry. RIN - RNA Integrity number
(range 1-10 with 10 indicating RNA with the highest integrity).

3.4 Results

3.4.1 Patient characteristics

Patients recruited into this part of the study were representative of a typical IPF cohort
[2, 12, 265]; the majority were male (81%), in their sixth to eighth decade, and with
varying severities of IPF as indicated by the range of lung function parameters (Table 3-
3).

The clinical details of patients with acute exacerbations are listed in Table 3-4. 50% of
the patients had at least one previous admission with AEIPF within the past 12 months
and were on maintenance corticosteroids (prednisolone) on admission. All patients with
AEIPF had new multifocal ground glass opacification on CT scan and 40% of patients
had a history consistent with possible co-existent infection (although not evident
biochemically or radiologically). One patient had clinical features suggestive of possible

cardiac failure complicating his presentation. The mortality from AE was similar to
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published data [14, 16, 266] at 50% within 6 months and 80% within 18 months of

hospital admission.

Demographics A" CPlI <40 CPI140-59 CPI 60+ AEIPF CPIN/A Controls
patients
Number of samples 57 12 28 5 10 2 26
% Male 81 92 79 80 80 50 69
Mean age 128 716 73.4 69 70.7 83 65
9 : (64-78) (57-80) | (65-74) | (52-80) | (79.87) (44-81)
% Definite 51 42 61 20 50 50 N/A
%Probable 49 58 39 80 50 50 N/A
% on Anti-fibrotics 46 25 39 100 50 0 N/A
Number on 10
Prednisolone/ 4 0 3 0 5 on Pred 1 N/A
Methylprednisolone | (+10 AEIPF) (5-10 mg) (15-30mg) (5mg)
(dose) 5 on MP (19)
71.2 87.8 69.7 63.3 60.9 60.4
Mean FVC | 47.6-123.7)| (71.4-123.7)| (49.1-895) | (58.7-77.2) | (47.6-71) | (57.8-63) N/A
47.6 736 447 26.1 314
MeanTLCO | 184.80.9) | (57-89.9) | (31.1612) | 24.7-27.1) | (18.4-46) NA NA
73 86.5 716 63.3 65.9 68.4
Mean FEV1 (40-107.5) |(70.3-107.5)| (40-99.5) | (58.7-77.2) | (45.1-86) | (63-73.7) NA
47 26 48.4 63.1 60.7
Mean CPI (14.7-6.1) | (147-37.4) | (405559.1) | (624-63.9) | (516-67.1)| VA N/A

Table 3-3. The demographics of IPF and control participants involved in the characterisation of

monocytes.

Anti-fibrotic therapy - Pirfenidone in all cases. (FVC - Forced vital capacity, TLCO - Transfer factor for carbon
monoxide, FEV1- Forced expiratory volume in 1 second, CPIl - composite physiologic index, N/A — not
applicable/information not available, Pred — Prednisolone, MP — Methylprednisolone).
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Sample
code and
date

Time
since
diagnosis

(\CELD)]

Length of
symptoms
prior to
sampling
(weeks)

No. of
previous
admissions
for
exacerbations

No. of days
on
Prednisolone
prior to
sampling

Pirfenidone
treatment
Prior?

CT findings

Additional
cause for
decline

Outcome

Home for
01BWAE 5 6 3 Maintenance v New patchy | Possible |palliation
13/01/2015 Prednisolone s GG infection |RIP
19/06/2015
. Widespread
02AEAE Maintenance
20/01/2015 2.8 3 1 Prednisolone s e = R R
. New GG Home
03NKAE Maintenance :
2.5 2 1 . Yes Progressive No RIP
24/01/2015 Prednisolone HC 11/3/2016
Widespread
04PFAE GG Hospital RIP
17/04/2015 5 9 v B e Patchy No 154/4/15
consolidation
Widespread [T
05JFAE 45 3 0 5 No G No |RIP
01/05/2015 : (nintedinab) | Progressive
19/8/2015
HC
Patchy GG
06PBAE . H
19/06/2015 0 3 0 2 No Progressive No ome
HC
. . Home for
Airspace Likely e
e 4 2 0 6 No opacification CCF in Ralleten
09/07/2015 GG addition RIP
20/10/2015
Progressive ooyt e
08HHAE Maintenance ; Yes- and home
18/07/2015 | 37 “ 2 Prednisolone | N° HC Multifocal | .0 tion | RIP 30-9-
GG
2016
Initial
09RSAE 2.4 1 0 5 v New GG Yes — |improvement
18/08/2015 es infection |RIP
3/11/2016
HnlerE Maintenance liils € Possibly |Home
59 “ 2 Prednisolone s il e e infection | Palliative care
21/01/2016 consolidation

Table 3-4. Clinical details of patients sampled with AEIPF.

All patients had CT evidence of acute exacerbation and were treated
months following hospital admission and sampling, the mortality

honeycombing, CCF- congestive cardiac failure

67

with high dose corticosteroids. At 18
was 80%. GG- ground glass;, HC



Chapter 3: Monocyte phenotype in stable and acute exacerbations of IPF

3.4.2 Monocyte levels were increased in IPF compared to age-
matched controls

Using flow cytometry to identify monocytes within PBMCs, | first questioned whether
differences in monocyte proportions existed between IPF patients and age-matched

controls.

| found that the percentages of monocytes within PBMCs were increased in stable IPF
patients compared to controls (p=0.020, Fig 3-3a). Furthermore, the expression (MFI) of
CD14 was also higher in IPF monocytes (p=0.004, Fig 3-3b). Comparing patients with
stable disease to those with AEIPF, the highest percentage of monocytes within PBMCs
was seen in AEIPF (p<0.002, Fig 3-3c). The increase in the percentage of monocytes
was not due to a proportionate decrease in other mononuclear cells within PBMCs but
due to an overall increase in circulating blood monocytes. Figure 3-3e shows that the
numbers of monocytes per ml of blood were elevated in stable IPF patients compared to
controls (p=0.003).

68



Chapter 3: Monocyte phenotype in stable and acute exacerbations of IPF

a b.
[
g 40- 2= 400004 0°
g = % é [o)
=@ 301 o $@ 3000001 @q0® o
25 0.9 o o% :%% e
S 20 & 8 200001
@ Is
= 101 S & 100004 S
6} (Serereles
C T T C L] T
Stable IPF  Controls Stable IPF  Controls
c d.
Vv S
& 401 © i 40000+ °
= S = ©
& 30- vV 8 9300001 o0
©'%5 S5 S
S 2 20- @ 8 20000-
Z9 ¥5
= 101 v 3 € 100004 V.
C T L) C L] L)
Stable IPF AEIPF stable IPF AEIPF
e.
8- p=0.003
= E 61 o
x2 0,0
N 4=
gg 4 O¢l-0
[ S o
O
58 o Coope®
o)
(01 00

Stablle IPF Con'trols

Figure 3-3. Monocyte levels in IPF patients and aged-matched controls.

PBMCs were extracted from whole blood and stained with mAbs for flow cytometric analysis to identify the
percentage and MFI of CD14+ monocytes within PBMCs in controls, stable IPF and AEIPF. The Mean(SD)
are illustrated in the graphs and quoted below. a) The percentage of monocytes within PBMCs in stable IPF
was higher than in age-matched healthy controls [15.50%(4.98) vs 12.54%(6.34) IPF n=41 controls n=26].
(b) The MFI of CD14 on monocytes was also higher in IPF compared to controls [20291(6384) vs
16035(4171) n=41 and 26 respectively]. (c) The percentage of monocytes within PBMCs in AEIPF was
increased compared to in stable patients [25.12%(12.02), vs 15.50%(4.98) AEIPF n=10, stable IPF n=41).
(d) The MFI of CD14 was lower in AEIPF compared to stable IPF [13510(4125) vs 20291(6384) n=10 and
41]. (e) Monocytes per ml of blood were increased in stable IPF compared to controls (2.93%(1.52) vs
1.73%(0.70) n=22 and 19]. Data not available for AEIPF group. D’Agnostino-Pearson omnibus normality
test and Student t-test or Mann-Whitney test used for all analyses. P values <0.05 taken to indicate statistical
significance.
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3.4.3 The proportions of classical, intermediate and non-classical
monocytes were similar between stable IPF patients and

controls

To examine whether IPF patients exhibited differences in the proportions of traditionally
defined monocyte subsets [165, 166] compared to controls, | measured the percentages
of classical, intermediate and non-classical monocytes within the total monocyte

population.

There was no difference in the proportions of classical, intermediate and non-classical
monocytes in the stable patient cohort compared to controls. However, as shown in
Figure 3-4, classical monocytes were elevated in the AEIPF group compared to controls
(p=0.034) and a proportionate decrease in the non-classical population was observed in
AEIPF compared to both stable IPF and controls (p=0.012 for AEIPF vs IPF and p=0.002
for AEIPF vs controls).

p=0.034 p=0.012

o 1007 : '
_2 x 2
> 801 v p=0.002
2 0

—

(?J é 60' ° lo)
Q
< 40 o

S 201
C (o] v
25 o ¥ & = 'g' &

2

IPE HC AEIPF IPF HC AEIPF IPF HC AEIPF

Classical Intermediate Non-classical

Figure 3-4. The percentage of classical, intermediate and non-classical monocyte subsets within the
total monocyte population in stable IPF (IPF), healthy controls (HC) and acute exacerbations of IPF
(AEIPF).

PBMCs isolated from whole blood were stained with mAb to CD14 and CD16 to identify the percentage of
classical (CD14™ CD16"™9), intermediate (CD14"CD16") and non-classical subsets (CD14'°CD16") within
the total monocyte population. Classical monocytes were increased in AEIPF compared to HC [88.4%(5.2)
vs 78.8%(13.3)] and non-classical monocytes were lower in AEIPF compared to IPF and HC [2.3%(1.5) vs
6.7%(5.6) vs 8.4(8.5)]. IPF n=36, HC= 21, AEIPF=10. Mean(SD) has been quoted here and illustrated on
graphs. One-way ANOVA with corrections for all multi-wise comparisons stated were performed using
Dunn’s method (section 2.14).
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3.4.4 CDG64 expression was increased in both classical and non-
classical monocyte subsets in IPF

To determine whether the phenotype of monocytes within the traditional monocyte
subsets differed between stable IPF patients and controls, | analysed the expression of
cell surface receptors associated with M1 (inflammatory) and M2 (reparative)
macrophage responses in each of the subsets. CD64, CD86 and CCR7 were selected
as receptors associated with inflammatory and activated states [220, 250, 251, 253]
alongside CD62L, a cell surface adhesion molecule that facilitates the migration of
monocytes to sites of inflammation [267]. CD206 and CD163 were selected as markers

recognised to be up-regulated in ‘M2’ macrophages [196, 268, 269].

CD64 was significantly elevated in both classical and non-classical subgroups in IPF
patients compared to controls (p=0.005 and 0.042, respectively, Fig 3-5a). A reduction
in the expression of both CD62L and CCR7 was observed in the intermediate monocyte
subset in IPF patients (p=0.030 and p=0.043, respectively, Fig 3-5b-c). However,
expression of these markers did not differ significantly between stable patients and
controls when measured on monocytes as a collective group without division into
subsets as illustrated in Figure 3-6d-e. Comparing the expression of receptors between
the monocytes subsets, the MFI of CD64 was higher in classical and intermediate
subsets and decreased in non-classical monocytes in both IPF and control monocytes
(both Adj-p<0.001, Fig 3-5a). High expression of CD62L was also noted on classical
monocytes compared to non-classical monocytes (both IPF and controls Adj-p<0.001,
Fig 3-5b). Differences in the MFI of CCR7 and CD86 between monocyte subsets were

not observed in IPF and controls (Fig 3-5¢c-d).

CD163 expression did not differ significantly between IPF and control monocytes, and
was expressed at highest intensity in the classical and intermediate subsets in both
groups (Fig 3-5e). CD206 was expressed on monocytes at a very low level and showed
a trend towards increased expression in the intermediate and non-classical subsets (Fig
3-5f).
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Figure 3-5. The expression (MFI) of cell surface receptors associated with inflammatory (‘M1) and
reparative functions (‘M2’) in stable IPF (IPF) and control (HC) monocytes.

Flow cytometry was used to assess the expression of ‘M1’ markers CD64, CD62L, CCR7 and CD86 and
‘M2’ receptors CD163 and CD206 on classical (CD14hi CD16"™9), intermediate (CD14"CD16") and non-
classical monocyte subsets (CD14'°CD16+). Mean MFI (SD) are described here and illustrated on graphs.
(a) CD64 expression was increased on classical and non-classical monocytes from IPF patients compared
to controls [Classical subset 4185(1888) vs 3091(582) and non-classical 590.8(318) vs 402.8(150.3) n=36
and 21 respectively]. CD64 expression was higher on classical and intermediate monocyte subsets in both
IPF and controls [classical vs non-classical monocytes in IPF: MFI mean(SD) 4185(1888) vs 590.8(318.1)
and controls: 3091(581.8) vs 402.8(150.3), both Adj-p<0.001]. (b) CD62L expression was lower in the
intermediate subset in IPF monocytes compared to controls [250(163.6) vs 371.8(81.5) n=21 and 14].
Expression of CD62L was increased in the classical subset compared to non-classical monocytes in both
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IPF and control monocytes [2081(867) vs 324.9(147.8) and 2655(1009) vs 369.3 (123.1) for IPF and HC,
both Adj-p<0.001]. (c) CCRY7 expression was lower in the intermediate monocyte subset in IPF [698.5(270.2)
vs 972(391.7) n=10 and 13]. (d) Differences in expression of CD86 were not seen in IPF and HC monocyte
subsets (n=17 and 8 for IPF and HC respectively). (e-f) Expression of ‘M2’ receptors CD163 and CD206 on
monocyte subsets did not differ significantly. (IPF and controls: CD163 n=36 and 21; CD206 n=17 and 14).
D’Agostino and Pearson omnibus normality test and Mann-Whitney test was used for statistical analysis.

3.4.5 CD14 monocytes from AEIPF displayed a distinct profile
consistent with M2 polarisation

Patients meeting the criteria for acute exacerbation who were admitted to hospital for
further management were analysed separately in order to gain insight into the possible
perturbations occurring at the level of the monocyte during these events. All patients with
AEIPF were taking corticosteroids, either orally or intravenously (section 3.4.1 Table 3-
4).

In addition to increases in monocyte frequency and the proportion of classical monocytes
seen in AEIPF (Figures 3-3c and 3-4), the expression of CD163 was upregulated in
AEIPF compared to controls (Adj-p=0.015, Fig 3-6a). The MFI of CD64 was similar
amongst AEIPF and control monocytes but increased in stable patients compared to
controls (Adj-p=0.005, Fig 3-6b). The ratio of CD163/CD64 (representing the balance of
M2/M1) was not significantly different in AEIPF monocytes compared to stable IPF and
controls (Fig 3-6b-c). Expression of CD62L, a receptor associated with monocyte
migration, was higher in AEIPF compared to stable patients (Adj-p=0.007, Fig 3.6d). No

significant differences were seen in the expression of CCR7 (Fig 3.6e).

The expression of several representative M2 and M1 genes in AEIPF monocytes was
markedly different from stable IPF and control monocytes and showed a pattern broadly
consistent with M2 polarisation. In AEIPF, IL-10 expression was increased alongside
gene expression of CD163 compared to controls (both Adj-p=0.003, Fig 3-7a and c).
Expression of the IL-1 decoy receptor, IL-1R2, was also significantly up-regulated in
AEIPF compared to both stable IPF and control monocytes (Adj-p=0.020 and <0.007
respectively, Fig 3-7d). Expression of THSB1, coding for thrombospondin 1, was
increased in AEIPF compared to controls (p=0.021, Fig 3-7e). Interestingly, two genes
associated with M2 responses, TGM2 and CD200R, were decreased in AEIPF
monocytes compared to controls (both Adj-p=0.008, Fig 3-7f and Table 3-5). M1-
associated genes TNFa, FGL2 and GBP1 were all downregulated in AEIPF monocytes
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in comparison to control monocytes (Adj p-values <0.003, 0.005 and 0.31 respectively,
Fig 3-79g, j and k). IL-6 expression was significantly lower in AEIPF compared to stable
IPF (Adj p=0.022, Fig 3-7h). A downward trend was noted in CXCL10 expression in
AEIPF monocytes compared to control and stable IPF monocytes but statistical

significance was not seen (Adj-p=0.132 and 0.481 respectively, Fig 3-7i).
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Figure 3-6. The expression of receptors (MFI) associated with reparative (M2) and inflammatory (M1)
phenotypes on monocytes from participants with stable IPF (IPF), AEIPF and controls.

Monocytes were immunostained with mAb and flow cytometry was used to assess the expression (MFI) of
‘M2’ receptors CD163 and CD206 and ‘M1’ markers CD64, CD62L, CCR7 and CD86. Mean MFI(SD) are
described here and illustrated on graphs. (a) The MFI of CD163 was significantly higher in AEIPF compared
to controls but not stable IPF (AEIPF:2868(1751) vs HC: 1321(566.4) vs IPF:1550(625) AEIPF n=9, HC=26,
IPF=40). (b) CD64 expression was not significantly different in AEIPF but was higher in stable IPF compared
to controls (AEIPF:3308(743) vs HC:2979(1039) vs IPF:3695(1130) AEIPF n=44, HC=26, IPF=44). (c) The
ratio of CD163/CD64 did not differ significantly between groups. (d) CD62L expression was increased in
AEIPF compared to stable IPF but not controls (AEIPF: 3493(1497) vs HC:2219(927) vs IPF1858(664)
AEIPF n=9 HC=14, IPF=20). (e) CCR7 did not differ significantly between stable IPF, AEIPF and controls
(AEIPF n=9, HC=10, IPF=12). D’Agostino and Pearson omnibus normality test and one-way ANOVA or
Kruskal-Wallis test undertaken to assess the presence of significant differences between the three groups.
Corrections for all multi-wise comparisons stated were preformed using Dunn’s method.
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Figure 3-7. Expression of genes associated with inflammatory (M1) and reparative (M2) functions in
monocytes from controls, stable IPF and AEIPF.

Monocytes were extracted by positive selection from freshly isolated PBMCs to examine the expression of
inflammatory and reparative genes by gPCR. For normally distributed data, mean(SEM) are depicted in
graphs. For non-parametric data, the median and interquartile range (IQR) are shown. (a-f) Genes
associated with reparative/M2 phenotypes. (g-k) Genes associated with inflammatory/M1 phenotypes. The
fold change over three housekeeping genes (CYCLOPHILIN A, 382-MICROGLOBULIN and B-ACTIN) was
used to determine the relative expression of the genes of interest. (a) Gene expression of /IL-10 was
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increased in AEIPF compared to controls [7.14(2.16) vs 1.30(0.29)]. (b) TGFRB expression did not differ
significantly between groups. (c) CD163 expression was increased in AEIPF compared to stable IPF
[Mean(SEM) 2.08(0.39) vs 0.35(0.07)]. (d) il1r2 was increased in AEIPF compared to stable IPF and controls
[Median(IQR) 171.4(77.45-388.5) vs 1.52(1.17-2.17) vs 0.97(0.72-2.79)]. (e) THSB1 was increased in
AEIPF compared to controls [12.76(5.56) vs 1.16(0.38)]. (f) TGM2 was decreased in AEIPF compared to
controls [0.31(0.04) vs 1.37(0.37)]. (g) TNFa was lower in AEIPF compared to controls [0.16(0.13-0.18) vs
0.88(0.58-1.60)]. (h) IL-6 was decreased in AEIPF compared to stable IPF [0.66(0.25-1.77) vs 4.06(1.99-
6.41)]. (i) Significant differences were not seen in the expression of CXCL10 between groups. (j) AEIPF
showed a decrease in the expression of FGL2 compared to controls [0.37(0.05) vs 0.98(0.15)]. (k) GBP1
expression was lower in AEIPF compared to controls [0.37(0.10) vs 1.06(0.19)]. D’Agostino and Pearson
omnibus normality test and Kruskal-Wallis test was undertaken to assess the presence of significant
differences between the three groups. Corrections for all multi-wise comparisons stated were performed
using Dunn’s method. Controls n=8, Stable IPF n=7, AEIPF n=7.
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Association Protein Control Vs | Control Vs | Stable IPF
with in vitro transcript/role Stable IPF AEIPF Vs AEIPF
polarisation
adj-p adj-p adj-p
M2 TGFR1 Pleiotropic profibrotic
cytokine 0.167 0.065 >0.999
IL-10 Immunomodulatory
cytokine 0.501 0.003 0.192
M2a Mannose scavenger Low expression seen
(IL-4) CD206  receptor W expressi
CD200R1 Glycoprotein receptor 0.454 0.008 0.383
Prostaglandin-
PTGS2 endoperoxide >0.999 0.141 0.071
synthase
Tissue
TGM2 fransglutaminase >0.999 0.008 0.119
M2c Haemoglobin
(GC, IL10) Coiey scavenger receptor e R e
C1q (complement
C1QA subcomponent) 0.302 0.142 >0.999
TSC22 domain family,
DSIPI member 3 0.886 0.030 0.415
Indoleamine 2,3-
IDO1 dioxygenase 1 >(0.999 0.286 0.698
THBS1 Thrombospondin 1 0.893 0.021 0.325
M1 TNFa Inflammatory cytokine 0.486 <0.003 0.051
(LPS, IFN,)
IL-6 inflammatory cytokine >0.999 0.193 0.022
cxcL1g ~ Chemokine 0.747 0.135 >0.999
Fibronogen-like
FGL2 protein 2 0.362 0.005 0.383
Guanylate binding
GBP1 protein 1 >0.999 0.031 0.097
M1 and M2/ Angiogenesis growth
other VEGF-A factor 0.930 0.053 0.563
Receptor for CCL2
CCR2 (MCP-1) >0.999 >0.999 >0.999
IL1R2 Decoy receptor >0.999 <0.007 0.020
CD14 Co-receptor for TLR4 0.191 0.020 >0.999

Table 3-5. List of genes analysed in freshly isolated monocytes from controls, stable IPF and AEIPF.
The fold change over three housekeeping genes (CYCLOPHILIN A, B82-MICROGLOBULIN and B8-ACTIN)
was used to determine the relative expression of the genes of interest. Kruskal-Wallis test was undertaken
to assess the presence of significant differences between the three groups. Corrections for all multi-wise
comparisons stated were performed using Dunn’s method. P values <0.05 taken to indicate statistical
significance. Controls n=8, Stable IPF n=7, AEIPF n=7. Parentheses in first column indicate the types of
stimulation used in vitro to induce up-regulation of the genes associated with M1 and M2 macrophages (GC-
glucocorticoid, LPS-Lipopolysaccharide, IFNy - interferon-gamma).
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3.4.6 Expression of M1/M2 genes differed in monocytes from patients

with stable IPF compared to aged-matched healthy controls

AEIPF patients enrolled within this study were treated with high-dose corticosteroids in
order to dampen down inflammatory responses that may have precipitated their
deterioration. Corticosteroids have been found to alter the phenotype of monocytes
significantly [205, 220] and the comparison of AEIPF with stable IPF and control
monocytes revealed large differences in the expression of inflammatory and reparative
genes, which may have been confounded by steroid administration. The gene
expression changes seen in the AEIPF monocytes may have overshadowed smaller
differences existing between stable patients not on corticosteroids and aged-matched
controls. Thus, the data was reanalysed with the exclusion of monocytes from patients
with AEIPF.

Differences were noted between the two groups. Trends towards lower expression was
seen in the inflammatory mediators TNFa and CXCL10 in IPF monocytes (p=0.054 and
0.281, respectively, Fig 3.8a-b) whilst the anti-inflammatory cytokine /IL-10 showed a
trend towards higher expression in stable IPF patients (p=0.050, Fig 3-8c). FGL2, coding
for fibrinogen-like protein-2, was significantly lower in IPF monocytes compared to
controls (p=0.038, Fig 3-8d). Interestingly, whilst the expression of the CD14 receptor
was increased on the cell surface of IPF monocytes (Fig 3.3b), the gene expression of
the same receptor was significantly lower compared to controls (p=0.017, Fig 3-8e).
CD163 was also decreased in stable patients compared to controls (p=0.035, Fig 3-8f).
Fold changes in the gene expression of M1/M2 genes between stable IPF patients and

controls are tabulated in Table 3-6.
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Figure 3-8. The expression of M1/M2 genes in monocytes extracted from PBMCs in stable IPF

CXCL10 gene expression

patients and aged-matched controls.

The fold change over three housekeeping genes (CYCLOPHILIN A, 32-MICROGLOBULIN and B-ACTIN)
was used to determine the relative expression of the genes of interest. For normally distributed data,
mean(SEM) are depicted in graphs. For non-parametric data, the median and interquartile range are shown.
(a-b) There is a downward trend in the expression of inflammatory mediators tnfa and ¢xc/10 in monocytes
from stable IPF compared to controls. (c) /L-10 expression shows a trend towards increased expression in
IPF monocytes compared to controls. (d-f) There is decreased expression of FGL2, CD14 and CD163 in
IPF monocytes. Table 3-6 lists the mean fold gene expression(SD) and p-values for the full list of genes in
stable IPF and controls.
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Protein transcript/role Mean fold Mean fold change Control Vs
change (SEM) (SEM) Stable IPF
Stable IPF Controls P-value
n=7 n=8

TGFB1 Pleiotropic profibrotic

cytokine 0.74(0.10) 1.03(0.09) 0.055
G CoeEaerior TR 0.54(0.08) 1.13(0.19) 0.018
IL-10 Immunomodulatory

cytokine 2.3(0.37) 1.3(0.29) 0.050

Mannose scavenger .
Low expression seen

CD206 receptor

CD200R1  Glycoprotein receptor 0.51(0.10) 1.00(0.20) 0.062

PTGS2 PREEG LI 1.31(0.27) 1.13(0.18) 0.612
endoperoxide synthase : ’ ) ’ ’
Tissue

TGM2 transglutaminase 0.69(0.14) 1.37(0.37) 0.131
Haemoglobin

CD163 scavenger receptor 0.35(0.07) 0.86(0.19) 0.035
C1qg (complement

C1QA subcomponent) 0.43(0.21) 0.89(0.20) 0.152
TSC22 domain family,

DSIPI member 3 0.81(0.12) 0.96(0.07) 0.288
Indoleamine 2,3-

IDO1 dioxygenase 1 0.89(0.20) 0.97(0.15) 0.764

THBS1 Thrombospondin 1 2.37(1.78) 1.16(0.38) 0.231

TNFa Inflammatory cytokine 0.51(0.07) 1.95(1.04) 0.054

IL-6 inflammatory cytokine 4.21(0.87) 9.66(7.25) 0.336

cxcLip ~ Chemokine 0.90(0.24) 1.33(0.32) 0.281

FGL2 ploronogen-iie protein g 580.10) 0.98(0.14) 0.038
Guanylate binding

GBP1 protein 1 1.09(0.34) 1.06(0.19) 0.779

VEGF-A  fndlogenesis growth 0.82(0.18) 1.15(0.19) 0.397
actor
Receptor for CCL2

CCR2 (MCP-1) 1.19(0.76) 2.82(1.62) 0.401

IL1R2 Decoy receptor 2.53(1.00) 1.43(0.35) 0.232

Table 3-6. Full list of genes analysed in freshly isolated monocytes extracted from PBMCs from aged-
matched healthy controls and stable IPF patients not on steroid therapy.

D’Agostino and Pearson omnibus normality test and Student t-test or Mann-Whitney test used for statistical
analysis. P values <0.05 taken to indicate statistical significance. Controls n=8, Stable IPF n=7.
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3.4.7 CD163 expression was down-regulated by LPS but retained
following TLR7/8 stimulation

To determine whether monocytes from IPF patients respond differently to viral and
bacterial PAMPs compared to controls, Resiquimod (r848), a TLR7/8 agonist, and
lipopolysaccharide (LPS), were used to stimulate monocytes within PBMCs. TLR7 and
8 are endosomal toll-like receptors that respond to single-stranded RNA present in
viruses such as Coxsackie and Influenza. LPS is a constituent of gram negative bacterial

cell walls and stimulates TLR4 pathways.

Expression of CD64 and CD163 (representing ‘M1’ and ‘M2’ responses) differed on
monocytes stimulated with LPS and r848 although significant differences were not seen
between control and IPF patients. The percentage of monocytes expressing CD163 and
the MFI of CD163 were down-regulated by LPS in control, stable IPF and AEIPF
monocytes compared to unstimulated cells (LPS vs unstimulated monocytes %CD163
p=0.005, <0.005 and 0.008; MFI CD163 p<0.009, <0.007 and 0.014 for controls, stable
IPF and AEIPF respectively). CD163 expression however was not reduced on

monocytes in response to stimulation by r848 in any of the groups (Fig 3-9a-b).

CD64 was expressed on all monocytes and therefore only the MFI was analysed.
Comparing unstimulated monocytes within PBMCs to LPS-treated cells, monocytes from
stable IPF patients upregulated expression of this receptor (p=0.044). Significant
differences in the expression of CD64 following LPS stimulation were not observed in
control and AEIPF monocytes. r848 stimulation did not result in up-regulation of this

receptor in any of the groups (Fig 3-9d).
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Figure 3-9. The expression of CD163 and CD64 by control (HC), stable IPF (IPF) and AEIPF (AE)
monocytes following stimulation with LPS and the TLR7/8 agonist, r848.

PBMCs were cultured overnight with LPS, r848 or left unstimulated to assess monocyte responses to
bacterial and viral PAMPs. LPS and the TLR7/8 agonist, r848, were used to determine whether IPF and
control monocytes differed in the expression of CD163 (M2 marker) and CD64 (M1 marker) following
stimulation. Mean(SD) are described here and illustrated on graphs. LPS downregulated the percentage
and mean fluorescence intensity (MFI) of monocytes expressing CD163 in controls, IPF and AEIPF
monocytes although CD163 was retained on monocytes following r848 stimulation. (a) Percentage of CD163
on unstimulated and stimulated monocytes [unstimulated vs LPS vs r848 mean %(SD) HC: 63.5(21.7) vs
31.8(26.2) vs 56.8(22.1) Adj-p=0.005 for unstimulated vs LPS, and Adj-p<0.999 for unstimulated vs r848;
IPF: 59.7(21.9) vs 33.0(18.1) vs 66.4(18.6), Adj-p<0.005 for unstimulated vs LPS, Adj-p>0.999 for r848 vs
unstimulated; AEIPF 71.4(20.0) vs 34.9(24.6) vs 62.6(20.5), Adj-p=0.008 for unstimulated vs LPS, Adj-
p>0.999 for unstimulated vs r848]. (b) MFI CD163 on unstimulated and stimulated monocytes [unstimulated
vs LPS vs r848 mean MFI(SD) HC: 1694(923) vs 466.8(422) vs 1446(1186) Adj-p<0.009 for unstimulated
vs LPS, and Adj-p<0.999 for unstimulated vs r848; IPF: 1659(941.6) vs 615.8(570.4) vs 2182(1577), Adj-
p<0.007 for unstimulated vs LPS, Adj-p>0.999 for r848 vs unstimulated; AEIPF: 2445(1589) vs 488(4122)
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vs 2498(2061), Adj-p=0.004 for unstimulated vs LPS, Adj-p>0.999 for unstimulated vs r848]. Statistically
significant differences in expression were not seen between monocyte groups. (c) Representative FACs
plots of CD163 expression on monocytes following LPS and r848 stimulation. (d) CD64 expression was
increased on monocytes in response to LPS in IPF monocytes but not in response to r848. Significant
differences in CD64 expression were not observed in control and AEIPF monocytes [unstimulated vs LPS
vs r848 IPF: 2092(777) vs 3122(1402) vs 2020(921), unstimulated vs LPS Adj-p=0.044; HC: 2035(1241) vs
2733(1141) vs 1924(1028), unstimulated vs LPS Adj-p=0.111; AEIPF 1928(288) vs 2439(961) vs 1775(613),
unstimulated vs LPS Adj-p= 0.304]. IPF=21 HC=13, AEIPF=7. D’Agostino and Pearson omnibus normality
test and one-way ANOVA was undertaken to assess the presence of significant differences between groups.
Corrections for all multi-wise comparisons stated were performed using Dunn’s method.

3.4.8 IL-10 expression was attenuated in monocytes from patients
with AEIPF in response to stimulation with LPS

To determine whether the cytokine/chemokine response by monocytes to viral and
bacterial PAMPs differed between IPF patients and controls, IL-10, MCP-1 and IL-6

expression were measured by flow cytometry.

Stimulation by LPS resulted in IL-10 expression by monocytes that was significantly
attenuated in AEIPF compared to controls (Adj-p=0.005, Fig 3-10a). This contrasts with
the gene expression data on freshly isolated monocytes, which showed that /L-10
expression was higher in the AEIPF group (Fig 3-7a). Statistically significant differences
in IL-10 expression in response to r848 stimulation were not observed between stable

IPF, AEIPF and control monocytes.

There were no differences between stable IPF, AEIPF and control groups in monocyte
expression of MCP-1 and IL-6 in response to LPS or r848 (Fig 3-10b-c). However, r848
induced significantly higher expression of MCP-1 compared to LPS in stable IPF,
controls and AEIPF (p<0.001; p<0.003 and p=0.002 respectively, Fig 3-10b). LPS and
r848 induced a similar stimulatory effect on IL-6 expression in monocytes from stable

IPF patients and controls (Fig 3-10c).

85



Chapter 3: Monocyte phenotype in stable and acute exacerbations of IPF

Unstimulated
20- p=0.005
IS —_—
s& 151 % o
gé‘ o [e)X(e] o
s 104 o v o 00
(0] g o
A I T
= v
0 o 000 o %
IPF HC AEIPF IPF HC AEIPF
LPS 848 LPS
<
° 3
o 80 o
c —~ v
% § 601 © olo
g (7] 040
o9 °
&5 401 ° Iy
o g ° % v o¢o r848
o £ 204 :
Q % 3° Y
s L% E °
IPF HC AEIPF  IPF HC AEIPF
LPS r848
C.
———— MCP-1
100+ ® o

<

IL-6 expression in
monocytes (%)
[$)]

@

)

| o
<
<
b

AvAvA

IPF HC AEIPF  IPF HC AE

o S Ea
3

LPS r848

Figure 3-10. Cytokine expression by monocytes from stable IPF patients (IPF), controls (HC) and
those with acute exacerbations of IPF (AEIPF).

LPS and r848 were used to stimulate monocytes within PBMCs overnight and the expression of IL-10, IL-6
and MCP-1 was measured by flow cytometry. Unstimulated cells were used as a negative control to facilitate
the gating strategy. Mean percentage (SD) are described here and illustrated on graphs. (a) Comparing
monocytes from IPF, HC and AEIPF groups, the percentage of cells expressing IL-10 was lower in AEIPF
compared to controls following stimulation with LPS [4.2%(2.6) vs 8.9%(3.3) n=8 and 15, One-way ANOVA|.
(b) Comparing stable IPF, controls and AEIPF individually, MCP-1 expression was increased in all groups
following stimulation by r848 compared to LPS [IPF 45.1(%15.6) vs 19.2%(7.4) n=17, p<0.001, HC:
46.0%(17.6) vs 24.2%(11.4) n=12, p<0.003; AEIPF 46.8%(11.8) vs 15.8%(10.9) n=7, p=0.002]. (c) IL-6 was
upregulated by IPF, HC and AEIPF monocytes in response to LPS and r848 but differences were not seen
between groups. (d) Representative FACs plots showing the gating strategy based on unstimulated cells to
determine the proportion of monocytes expressing MCP-1 in response to r848 and LPS. Mann-Whitney test
or one-way ANOVA (for multiple comparisons) were used for statistical analysis.
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3.4.9 CD163+ monocytes showed enhanced cytokine/chemokine
responses to LPS and r848 compared to their CD163-
counterparts

Following stimulation with LPS and r848, monocyte expression of CD163 differed
significantly, with a reduction observed in LPS-treated cells (Fig 3-9 a-b). | was thus
interested in determining whether the cytokine repertoire of monocytes expressing
CD163 differed from monocytes lacking this receptor. Using the gating strategy depicted
in Figure 3-3, monocytes were subdivided into those expressing CD163 and those
negative for the receptor. Cytokine expression was measured in each by calculating the
percentage of monocytes positive for IL-10, MCP-1 and IL-6 in stable IPF patients and

controls.

In both IPF and controls, a higher percentage of CD163+ monocytes expressed IL-10
compared to CD163- monocytes in response to LPS. Significantly lower IL-10 expression
was seen in CD163+ and CD163- subsets from stable IPF monocytes compared to
controls (p=0.012 and p=0.048 for CD163+ and CD163- respectively, Fig 3-11a). The
percentage of MCP-1 expressing monocytes was higher in the CD163+ compared to
CD163- subset in both IPF and controls following LPS and r848 stimulation (for LPS both
p<0.001, for r848 p<0.001 and p<0.004 for IPF and controls, Fig 3-11c-d). r848, but not
LPS, increased the percentage of IL-6 expression by CD163+ monocytes compared to
CD163- monocytes in both IPF and control monocytes (p<0.001 and p=0.005
respectively, Fig 3-11e-f). The table in Figure 3-11i compares the expression of each of
the cytokines in CD163+ and CD163- monocytes in response to r848 and LPS. The
paired data shows that CD163+ monocytes generally express higher levels of IL-10,

MCP-1 and IL-6 compared to CD163- cells in response to stimulation.
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Figure 3-11. Comparison of cytokine expression by CD163+ and CD163- monocytes in response to
LPS and r848 stimulation in controls and stable IPF patients.

Cytokine expression (indicated by % positive cells) was analysed in CD163+ and CD163- monocytes
following overnight stimulation with LPS and r848 stimulation in controls (HC) and stable IPF (IPF) patients.
Mean(SD) are described here and illustrated on graphs. (a) Following LPS stimulation, the percentage of
monocytes expressing IL-10 was higher in CD163+ than in CD163- monocytes in both IPF and HC (paired
data shown in g-h). IL-10 expression was lower in both CD163+ and CD163- monocytes from IPF patients
compared to HC (CD 163+ monocytes IPF vs HC: 9.81%(4.89) vs 16.43%(8.73) and CD163- monocytes IPF
vs HC: 5.13%(3.13) vs 7.46%(3.11) p=0.012 and 0.048 respectively. IPF n=17 and HC=14, Student t-test).
(b) No differences in IL-10 expression were noted in CD163+ and CD163- monocytes in response to r848
by IPF or HC monocytes. (c-d) The percentage of monocytes expressing MCP-1 was higher in CD163+ cells
than CD163- monocytes in both IPF and HC following stimulation by LPS and r848 [CD163+ vs CD163-
LPS: IPF 19.4%(28.4) vs 12.8%(20.8), p<0.001; HC 34.6%(14.2) vs 21.4%(7.1) p<0.001, IPF n=17 HC=14.
CD163+ vs CD163- r848: IPF 49.9%(63.5) vs 27.5%(37.5) p<0.001; HC 57.5%(21.8) vs 32.8%(12.9)
p<0.004, IPF n=16 HC=13, paired t-test) (e) IL-6 expression by CD163+ and CD163- monocytes following
stimulation by LPS was not significantly different in either IPF or HCs. (f) In response to r848, a higher
percentage of CD163+ monocytes produced IL-6 compared to CD163-monocytes in both IPF and HC
(CD163+ vs CD163- r848: IPF 21.2%(32.2(27.9) vs 24.8%(4.8), HC 31.8%(12.1) vs 17.9%(8.6) p<0.001
and 0.005 respectively IPF n=16 HC=13). (g) Paired t-tests were performed on CD163+ monocytes and
CD163- monocytes from IPF patients and (h) controls demonstrating that CD163+ monocytes express
higher levels of IL-10 in response to LPS stimulation compared to CD163- monocytes. (i) Table summarising
the p-values from paired CD163+ and CD163-monocyte data looking at the expression of IL-10, MCP-1 and
II-6 from stable IPF patients and controls in response to LPS and r848 (paired t-test/Wilcoxon test used).
D’Agostino and Pearson omnibus normality test and Student t-test or Mann-Whitney test used for statistical
analysis unless otherwise stated. P values <0.05 taken to indicate statistical significance.
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3.5 Discussion

Detailed characterisation of monocytes in the context of disease may be important. The
prevailing paradigm that monocyte functionality is dictated by local signals has become
questioned in recent years. Newer studies have provided evidence that monocytes may
be primed early on during bone marrow (BM) development to perform specific functions
following release into the periphery. Askenase et al. (2015). showed that early infection
with Toxoplasma gondii prior to the onset of systemic inflammation resulted in
transcriptional reprogramming of BM monocytes towards a regulatory phenotype [182].
The mechanism by which this occurred was through local IFNy release by activated NK
cells within the BM. Studies looking at BCG responses have shown that childhood
mortality from unrelated infections was reduced in vaccinated compared to unvaccinated
children. This observation was linked to the epigenetic reprogramming of monocytes in
response to vaccination resulting in long-term changes in function, a process referred to
as ‘Trained Immunity’ [270]. Thus, variations in monocyte phenotype noted in humans
may be partly the result of prior environmental exposures that modulate monocyte
characteristics. Furthermore, specific types of exposures may result in reprogramming
monocytes to perform particular functions that in response to further challenge may be
detrimental, rather than beneficial, to the host. The data presented in this chapter has
demonstrated differences in monocyte phenotype between healthy controls and IPF

patients that may be of relevance to the pathogenesis of the disease.

In this study, monocytes were characterised in two ways. Initially, | examined monocyte
phenotype according to the traditional classification system based on CD14 and CD16
expression. However, unlike autoimmune diseases such as SLE and RA [250, 253],
differences in the monocyte subsets were not observed between stable IPF patients and
controls. | then looked at markers associated with polarised macrophages within these
subsets to determine if variations in receptor expression existed, and also to compare
how receptors associated with inflammatory (M1) and reparative/regulatory (M2)
macrophages related to the traditional subsets. The results showed differences in
receptor expression on IPF monocytes but only partial concordance was seen when
combining the two classification systems to define inflammatory and
reparative/regulatory populations. The M1 marker CD64, for example, was most highly
expressed on classical monocytes which are generally associated with inflammatory

responses. The ‘M2’ marker CD163, however, was also expressed most intensely on the
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classical subset, whereas M1 markers CD86 and CCR7 were expressed at similar levels
in all monocyte subgroups. There are several possible explanations for this observation.
Firstly, the expression and function of these receptors may differ on monocytes
compared to macrophages. CCR7 expression on monocytes, for example, may be up-
regulated only by cells after they have entered the tissue [271], and CD163 expression
may not in fact indicate an M2 bias. Indeed, it is possible that it may even be upregulated
by certain inflammatory stimuli. CD163+ monocytes were found to be a more ‘activated’
subset, producing higher levels of both inflammatory and immunoregulatory cytokines
following stimulation (Section 3.4.9). Secondly, the traditional subsets in humans are less
well defined compared to mice where Ly6C" and Ly6C" monocytes have fairly clear
roles in response to injury and infection [272]. Thus, whilst the classical subset has been
associated with inflammatory activities, this is not the universal consensus and elevation
of non-classical monocyte levels during systemic inflammation [176] suggests that the
spectrum of monocyte functionality is significantly more complex than can be defined by
three subsets. Similarly, attempting to characterise ex vivo monocyte/macrophage
populations according to in vitro polarised responses can be problematic, as cells within
the periphery and in tissue integrate a variety of signals at any one time resulting in

simultaneous expression of both ‘M1’ and ‘M2’ markers.

Despite the difficulties in characterising monocytes using these classification systems,
the phenotypic differences in IPF monocytes are likely to be of relevance. Applying
macrophage markers to monocytes from IPF patients did not identify cells with an M2
bias but rather showed up-regulation in the M1 marker CD64 (FcyRI). CD64 is elevated
in autoimmune diseases such as RA and lupus [250, 251, 253] and one of the
mechanisms by which CD64 exerts pathogenic responses is thought to be through its
interaction with immune complexes that trigger a pro-inflammatory response. The
release of cytokines such as MCP-1 and macrophage inflammatory protein-1 (MIP-1)
following activation of the FcyRI receptor results in the recruitment and infiltration of
monocytes and immune effector cells that then accentuate tissue damage [251]. Of
interest, studies have reported high levels of immune complexes in the BALF of IPF
patients, which correlated with the release of neutrophil chemoattractant by alveolar
macrophages [273]. CD64 is also elevated in critically ill patients with systemic
inflammatory response syndrome (SIRS) and the metabolic syndrome and is thus a
marker closely associated with inflammatory responses [274, 275]. Interestingly, a study

comparing monocyte profiles in patients with stable and progressive IPF (defined by a
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fall in functional vital capacity (FVC) >10%, transfer factor for carbon monoxide (TLCO)
>15%, AEIPF or death) found that elevated percentages of CD64-expressing
intermediate monocytes were associated with poor survival outcomes [259]. It is
unknown whether the up-regulation of CD64 on monocytes occurs in response to
disease processes, or whether monocytes highly expressing this receptor play a role in
the pathogenesis of certain diseases themselves. It can be hypothesised that cumulative
environmental exposures in susceptible individuals may lead to BM priming of monocyte
precursors resulting in a phenotype that predisposes to the development of IPF.
Subsequent disease-triggering events such as alveolar epithelial cell injury may then
result in the homing of primed monocytes to sites of lung injury, which then potentiate

rather than limit tissue damage, eventually leading to fibrosis.

Higher proportions of monocytes were noted in patients with stable IPF and AEIPF
compared to controls. Patients with AEIPF were all administered high-dose
corticosteroids (CS) within 14 days of sampling and 50% were on maintenance doses of
prednisolone. Work investigating the effects of CS on monocytes demonstrated that cells
treated with steroids and then exposed to the apoptosis-inducer staurosporine showed
significant resistance to cell death compared to untreated cells. The anti-inflammatory
profile of CS-treated monocytes is also associated with longevity [205] and in
combination with reduced monocyte apoptosis, may explain the higher monocyte levels
seen in AEIPF. Stress responses, such as those induced by strenuous exercise and
myocardial ischaemia (and potentially AEIPF) [276, 277] can also rapidly increase
monocyte levels. Animal studies have revealed the presence of monocyte reservoirs
within the spleen that can be mobilised within minutes providing an explanation for rapid
shifts in monocyte numbers during periods of physiological and pathological stress [276,
278]. The high monocyte levels in patients with stable disease are more difficult to
explain but have also been observed in patients with systemic sclerosis-associated ILD
(SSc-ILD) [279] and may be linked to the systemic release of soluble mediators from
areas of active disease. Indeed, a study published in 1999 demonstrated elevated levels
of the monocyte chemoattractant MCP-1 in the BAL of IPF patients [246], whilst a more
recent study found elevated levels of the same chemokine were present in the serum of
IPF patients with progressive disease [236]. The activation of lung macrophages in
response to subclinical viral infection during AEIPF may also enhance production of
MCP-1, as demonstrated in the in vitro r848 data herein (Section 3.4.8). This chemokine

may then stimulate egress of monocytes from the bone marrow.
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Monocytes sampled from patients with acute exacerbations were significantly different
to both controls and stable patients. Whilst strongly polarised responses are rarely seen
in vivo, there are a few exceptions, such as the M2 macrophage bias seen in response
to chronic parasitic infection in murine models [225, 226]. In this study, AEIPF monocytes
showed a polarisation pattern consistent with ‘M2¢’ macrophages. Elevated cell surface
expression of CD163 was found, alongside gene transcripts that were high in IL-10,
IL1R2, THSB1 and CD163. This profile mirrors in vitro monocyte differentiation in the
presence of corticosteroids [196, 205]. M2c responses are associated with
immunoregulation, matrix deposition and tissue remodelling [126] and thus the
polarisation characteristics of ex-vivo monocytes in this patient population may be of
pathological significance. Indeed, there is evidence from other studies that AEIPF events
represent an acceleration of the underlying disease process. Gene expression patterns
from AEIPF lung explants were not indicative of superimposed inflammation but rather
showed higher expression of genes that were noted to be up-regulated in stable disease,
such as those related to AEC injury and proliferation [280]. Another study examining BAL
fluid found elevated levels of M2 cytokines/chemokines including IL-1ra, MCP-1, CCL18
and CCL22 in both stable and AEIPF patients but levels were highest in those with
exacerbations [240]. Interestingly, the graphical gene expression data (Fig 1-7g-k)
revealed a trend towards decreased expression in stable IPF patients that sits part-way
between controls and AEIPF. Thus, whilst corticosteroid administration may complicate
the interpretation of the immunophenotyping data in patients with AEIPF, it may not
provide the full explanation for the findings. Exogenous triggers, such as viral infection
prior to the clinical onset of AEIPF, may also modulate the monocyte phenotype which
could then contribute to the acceleration of the disease process. Alternatively, the
polarised monocytes seen in AEIPF may be secondary phenomenon occurring in
response to the injurious processes within the lung. CD163 in particular can be up-
regulated during physiological responses to injury. Studies have shown that extracellular
free haemoglobin is increased in inflammation, infection and trauma and acts as a
DAMP, mediating the release of inflammatory cytokines and exerting a direct toxic effect
on tissues. In response to this, haptoglobin, which binds strongly to haemoglobin, is
increased, which may in turn result in the upregulation of CD163 on macrophages to
facilitate clearance of haemoglobin-haptoglobin complexes. This process has been
found to stimulate macrophage production of IL-10, which may in turn potentiate wound

healing responses [281]. Regardless of the mechanisms involved in the polarisation of
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monocytes in AEIPF, an influx of M2 monocytes into the lung during these events may

have detrimental consequences.

Differences in RNA expression were also observed between stable patients and controls.
Whilst less dramatic than those seen in AEIPF monocytes, the findings are of interest as
they provide evidence that IPF monocytes collectively differ from age-matched healthy
controls. A trend towards lower TNFa and higher IL-10 expression was observed, in
keeping with ‘M2’ polarisation. In contrast, FGL2, which codes for fibrinogen-like protein-
2, and CD14 were significantly lower in IPF monocytes compared to controls. Martinez
et al (2006) studied the gene expression of polarised macrophages in vitro and found
that both FGL2 and CD14 were associated with M2 phenotypes and down-regulated by
M1 stimuli. This again highlights the complexity and difficulty of attempting to categorise
ex-vivo monocytes into defined populationS based on in vitro polarisation. Discrepancies
in RNA and phenotyping data are common and exist in the data presented in this chapter.
The MFI of CD14 was increased in IPF monocytes yet the mean fold gene expression
was lower compared to controls. Furthermore, in AEIPF monocytes, IL-10 cytokine
expression was reduced in the flow analysis yet significantly upregulated in the monocyte
RNA. With regard to IL-10, there may be several reasons for these differences. Firstly, it
is likely that the response of cells within a plastic well to a purified TLR4 receptor agonist
does not reflect in vivo responses. Secondly, the higher expression of /L-10 RNA IN
AEIPF by freshly isolated, unstimulated monocytes may indicate that IL-10 is already
upregulated during exacerbations resulting in an impaired ability to mount a greater
response following further stimulation. Lastly, the transcription of genes and the

subsequent translation to activated proteins are not always directly proportionate.

IPF is characterised by progressive extracellular matrix deposition and it is postulated
that external factors that cause tissue damage perpetuate the disease process and
prevent tissue restoration. Respiratory tract infections by viruses are common and there
is some evidence that they may act as co-factors in disease progression [64]. | was
therefore interested in looking at the response of monocytes to ligands that activate TLRs
involved in viral recognition. | postulated that the phenotypic and cytokine repertoire of
monocytes in response to different TLR ligands would differ in IPF and this may have
pathological consequences in vivo when monocytes encounter viruses within the lung.
Phenotypic changes were noted following overnight incubation with LPS and r848 which
did not differ significantly between patients and controls but did reveal some interesting

findings. The most striking phenotypic change seen was a decrease in CD163
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expression on LPS treated monocytes in all groups. CD163 is defined as a M2 marker
and therefore on initial consideration, lower expression was not unexpected in response
to an M1-polarising agent. However, when comparing CD163+ and CD163- monocytes,
expression of cytokines IL-6, MCP-1 and IL-10 were all higher in the CD163+ monocyte
subset. There is a possible explanation for the seemingly contradictory finding that
CD163 is simultaneously associated with ‘M2’ responses alongside enhanced
inflammatory cytokine responses. A study by Fabriek et al. (2009) demonstrated that
CD163, in addition to its role as a haemoglobin-haptoglobin scavenger receptor, also
functions as a pattern recognition receptor (PRR), recognising both gram negative and
gram positive bacterial components. Upon binding to LPS, CD163 is shed from the cell
surface in a soluble form and thus serves to dampen down inflammatory responses
induced in monocytes by LPS. Therefore, measurement of CD163 on the cell surface of
the monocyte may not always provide information on its polarisation state [282].
Interestingly, and in contrast to the findings here, a study looking at monocytes from
patients with SSc-ILD found higher expression of CD163 on the surface of SSc-ILD
monocytes in response to LPS than controls [279]. The authors concluded that this
related to an M2 bias, but may in fact represent the opposite. In keeping with the reported
role of CD163 as a PRR for bacteria, r848 did not influence CD163 expression, which
remained similar to unstimulated cells. Expression of MCP-1 however was far higher in
response to r848 than LPS and given that this chemokine is a major chemoattractant for
monocytes and stimulates BM egress of these cells, this finding may be of

pathophysiological significance during viral encounters within the IPF lung.

This study has highlighted some of the difficulties in attempting to characterise
monocytes based on macrophage polarisation markers. Whilst some receptors such as
CD64 appear to represent inflammatory responses in both monocytes and macrophages
and concur with the traditional monocyte subsets, other markers were less informative.
CD206 was expressed at a very low level on monocytes, limiting its utility as a marker of
pro-repair responses. CD163 was thus the sole marker used and due to its up-regulation
in the presence of corticosteroids, interpretation of monocyte phenotype in AEIPF was
limited. Thus, extending the repertoire of markers associated with ‘M2’/reparative activity
in this study may have provided additional phenotypic information. Furthermore, only
three cytokines were included in the results as although fluorochrome-conjugated
monoclonal antibodies to IL-4, IL-13 and IL-17A were used in preliminary studies,

minimal expression was seen. This may have been due to the relatively low sensitivity
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of flow cytometry for cytokine detection and alternative techniques, such as ELISA, may
have provided useful information regarding cytokine responses by monocytes from
patients and controls. Whilst unlikely to be of significance, overnight stimulation may
have up-regulated CD14 expression on PBMCs other than monocytes, such as on
dendritic cells. All cells expressing CD14 (in the absence of CD15) were taken to
represent monocytes, so the presence of other CD14 expressing cells may have slightly

skewed the interpretation of the data.

The results presented here do not support the hypothesis that IPF monocytes are biased
towards an M2/reparative phenotype, but differences in monocytes from IPF patients
compared to aged-matched healthy controls have been identified. Monocyte levels are
higher in IPF, expression of the M1 receptor CD64 is increased and genes FGL2, CD14
and CD163 are reduced. Monocytes from patients with AEIPF show a distinct phenotype
which may have been moulded by processes linked to the pathophysiology of acute
exacerbations although these are difficult to disentangle from corticosteroid
administration. | have also demonstrated that monocytes respond differently to viral and
bacterial PAMPs, which may be of pathophysiological significance during viral infection
affecting the lungs of IPF patients. Despite being considered an ‘M2’ receptor in
macrophages, work here found that monocytes expressing CD163 exhibited enhanced
cytokine responses, suggesting that CD163 is associated with a more ‘activated’
phenotype in monocytes. How these observations relate to the disease processes
occurring within the lung parenchyma has been hypothesised but further work is needed
to shed light on the potential role monocytes may play in IPF and is the subject of the

subsequent chapters.
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4 Fibrotic burden, anti-fibrotic treatment and

monocytes in IPF

4.1 Introduction

In the previous chapter | showed that monocyte levels were increased in IPF patients
and expression of cell surface receptors, such as CD64, differed in comparison to healthy
controls. In this chapter | examined the relationship between monocyte levels and

phenotypic markers with indices of disease severity and anti-fibrotic treatment.

Determining the severity of disease in IPF can be problematic. Worsening
breathlessness can signify progression of disease but this is often subjective and can be
complicated by other co-morbidities. Commonly used physiological parameters include
the forced vital capacity (FVC) and transfer factor for carbon monoxide (TLCO), although
they do not always truly reflect disease extent. The FVC is broadly representative of lung
volume and a fall in the value often indicates progression of the disease due to
accumulating scar tissue contracting and shrinking the lung parenchyma [283]. The
TLCO provides a measurement of the integrity of gas exchange units within the lung.
Diseases affecting the interstitium (such as fibrosis) impair the ability of gases to transfer
across the alveoli leading to a reduction in the value [284]. These measurements can be
unreliable in the context of co-existent lung disease. Emphysema is present in up to a
third of patients with IPF [11], and destruction of the alveoli results in permanent dilatation
of the airspaces leading to air trapping which artificially elevates the FVC whilst
disproportionately lowering the TLCO. The composite physiologic index (CPI),
developed as a research tool [247], provides a value derived from a formula that attempts
to overcome the confounding presence of co-existent airways disease by encompassing
the FVC, TLCO alongside the FEV1, a value that is reduced in airways disease. This
index was found to correlate well with radiological and histological extent of disease, but
practical issues such as difficulty in performing lung function tests and poor patient

technique can still result in inaccurate readings and overestimate disease severity.

An alternative way to measure disease severity is by calculating the amount of fibrotic

change present on a high-resolution computed tomography scan (HRCT). There are
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several published methods on how to do this but no universally adopted system [102,
103, 285-289]. Two approaches for evaluating a computed tomography scan (CT) have
been used in IPF studies: a quantitative method using CT-derived indexes; or qualitative
visual systems involving scoring disease within subsections of lung. The quantitative
method was developed to reduce inter-observer variability and uses computer-generated
indices to analyse lung parenchymal attenuation according to Hounsfield Units. A study
looking at quantitative CT changes in IPF found that indices correlated moderately well
with lung function parameters but when the same authors compared this system with
visual CT scores and lung function values over time as tools to predict prognosis, the
qualitative CT score was found to be most accurate in predicting mortality [285, 286].
Indeed, the majority of studies use a visual approach involving two or more radiologists
who are usually blinded to the clinical data [102, 103, 286, 289-291].

Each individual study to date has adopted a different method to quantify and characterise
disease. There does however appear to be a general consensus regarding the initial
approach to scoring a HRCT which includes: the anatomical localisation of lung sections
to be scored (6 in total), calculation of the area of abnormality to the nearest 5%; and
incorporation of HRCT diagnostic criteria for IPF as stated in the ATS/ERS/JRS/ALAT
IPF Guidelines [13] (section 1.1.3). Figure 4-1 depicts the typical fibrotic features seen

on CT in a patient with IPF.

Figure 4-1. Computed tomography (CT) images of a normal (left) and IPF lung (right).

Green arrows demonstrate areas of honeycombing and the orange arrow shows an area of reticulation which
signifies fine fibrosis. Yellow arrows point to dilated bronchi which are splinted open by the surrounding
fibrotic parenchyma (traction bronchiectasis). Ground-glass changes (absent from this image) appear as
areas of hazy opacification, which can signify inflammatory change but in the presence of traction
bronchiectasis, usually indicates very fine fibrotic change.
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The first aim of this study was thus to identify and optimise a CT scoring system that
accurately reflected the extent of lung fibrosis in cases of IPF and provided an objective
measure of disease severity that was not susceptible to the confounding factors
associated with lung function parameters. Using this score, | then evaluated the

relationship between monocyte levels and phenotype, with the extent of fibrosis.

The second aim of this study was to assess how anti-fibrotic treatment influenced
monocyte characteristics. AlImost 40% of patients within this part of the study were taking
Pirfenidone at the time of blood sampling. Whilst its exact mechanism of action is
unknown, Pirfenidone is thought to be pleiotropic in its activity targeting multiple
fibrogenic pathways. Mouse models using bleomycin to induce lung fibrosis
demonstrated a reduction of profibrotic cytokines including TGFR, IL-18 and FGF, and a
decrease in lung collagen content was measured following its administration [22]. Its
effect on mononuclear phagocytes, however, is unknown. The second part of this study
thus compares the immune characteristics of treatment naive patients with those taking

anti-fibrotic therapy to assess the potential modulating effects of Pirfenidone.

4.2 Hypothesis and aims

| hypothesised that monocytes from patients with IPF would exhibit distinct immune

characteristics that were linked to disease extent and modulated by anti-fibrotic therapy.
To test this hypothesis, | undertook the following:

iv. Identified and evaluated a CT-based fibrosis scoring system for IPF patients to
quantify the extent of lung fibrosis and provide an objective measure of disease

severity.

v. Examined the relationship between monocyte levels and their phenotypic profile with

the CT fibrosis score and other indirect indices of disease severity.

vi. Compared the immunophenotype of monocytes from treatment naive patients to

those taking Pirfenidone.
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4.3 Methods

4.3.1 Development of a computed tomography (CT) fibrosis score

For this study, a CT scoring system was devised following a review of the published
literature. Whilst previous CT scores incorporated a large number radiological features
into the overall score (one study looked at 22 components associated with interstitial
lung disease [102]), only the principal features associated with a radiological diagnosis
of IPF (i.e. those of usual interstitial pneumonia or UIP) were required in this study as all
patients had a pre-existing diagnosis of the disease. The CT fibrosis score thus
incorporated the HRCT diagnostic criteria for UIP as stated in the ATS/ERS/JRS/ALAT
IPF Guidelines [13]. As the CT fibrosis score aimed to define the volume of fibrotic lung
parenchyma, a detailed grading system was required and each fibrotic component within
every section of lung was scored to the nearest 5%. In conjunction with two respiratory
radiologists, the following method was used to determine the extent of fibrotic change in

40 patients with a definite or probable diagnosis of IPF:

1) The lungs were divided into upper, middle and lower zones. As per previous CT
scoring systems, the zones were delineated by the tracheal carina defining the
upper zone superiorly, the inferior pulmonary vein defining the boundary of the
lower zone and the middle zone sitting in between. One standardised

representative section of the CT scan was chosen per zone for scoring.

2) For each of the six zones, a representative section was selected and four
radiological components associated with the diagnosis of UIP were quantified to
the nearest 5%. These fibrotic features comprised: honeycombing, reticulation,
ground glass associated with traction bronchiectasis, and traction bronchiectasis.
Traction bronchiectasis was calculated by estimating the percentage of lung
which contained dilated bronchi on each representative CT slice. Two
components which did not support the criteria for UIP, those of ground glass
change in isolation and areas of consolidation, were also measured for

comparative purposes.

3) The Total CT Fibrosis Score (TFS) was then calculated by taking the sum score

of the four fibrosis components (honeycombing, reticulation, traction
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bronchiectasis and ground glass and traction) within the 6 zones and adding each

together to reach a final score.

The CTs were scored by two interstitial lung disease (ILD)-specialist consultant
radiologists, blinded to each other and the clinical data. Inter-observer reproducibility of
these scores was assessed using the Pearson correlation test. A Bland-Altman analysis
was performed to determine whether systematic deviation existed between the paired
measurements. The mean of the scores from the two radiologists were then used for this

study.

CT scans were taken within 12 months of blood sampling for monocyte profiling, except
in two cases where there was an 18-month time difference as these patients had stable

symptoms and static lung function findings (i.e. no evidence of disease progression).

4.3.2 Patient characteristics and monocyte profiling

Patient data and samples collected for the initial characterisation of monocytes in

Chapter 3 were used in this part of the study.

4.3.3 Lung function data collection and the composite physiologic
index (CPI)

Lung function tests (LFTs) were undertaken on the same day as blood sampling in all
but 5 patients. In these cases, LFTs had been performed within three months of the
appointment due to reasons of practicality. Two patients were unable to perform TLCO
due to problems with technique. In instances of acute exacerbation, the most recent
values obtained as an outpatient were recorded (all within a 12-month period of
sampling). To obtain the composite physiologic index (CPI) [247] , the following formula

was used:

CPI = 91 — (0.65 x % predicted TLCO) - (0.53 x %FVC) + (0.34 x % predicted FEV1)
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4.4 Results

4.4.1 Patient characteristics

Table 4-1 shows the characteristics of patients involved in this part of the study. Patients
have been subcategorised according to CPI to demonstrate the range of physiologically
mild and severe disease. There was no relationship between patient age, sex and CPI
although a higher CPI was associated with an increasing proportion of patients on anti-
fibrotic agents. Only 11% of patients with stable disease had a CPI of greater than 60
whereas the mean CPI in the AEIPF group was 60.7.

Stable IPF Stable IPF Stable IPF Stable IPF

Demographics All patients CPl<40 CPl40-59 CPlI60+ CPIN/A AEIPF
Number of samples 47 8 26 2 2 9
Number of patients

with CT Fibrosis 31 5 14 1 2 9

Score
% Male 81 87 80 85 50 78
Mean age 72.8 716 73.4 69 83 70.3
9 ’ (64-78) (57-80) (65-74) (79,87) (52-80)
% Definite diagnosis 51 42 61 20 50 50
% Probable diagnosis 49 58 39 80 50 50
% on anti-fibrotics 41 25 39 100 0 56
Prednisolone/
3 0 1 100
Methylprednisolone 4 0
(range) (5-10 mg) (5mg) |(15mg-1g)
Mean FVC 71 88 70 63 60 61
(range) (48-124) (71-124) (49-89) (59-77) (58-63) (48-71)
Mean TLCO 48 74 45 26 N/A 31
(range) (18-90) (57-90) (31-61) (25-27) (18-46)
Mean FEV1 73 86 72 63 68 66
Range) (40-107) (70-107) (40-99) (59-77) (63-74) (45-86)
Mean CPI 47 26 48 63 N/A 61
(range) (15-6) (15-37) (40-59) (62-63) (52-67)

Table 4-1. The demographics of patients involved in the characterisation of monocytes.

The table includes patients sub-grouped according to CPI to give an indication of the proportions of patients
with mild, moderate and severe disease. (CP/ — Composite Physiologic Index; TLCO — Transfer Factor for
Carbon Monoxide; FVC — Forced Vital Capacity, FEV1 - forced expiratory volume in 1 second).
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4.4.2 The Total CT Fibrosis Score (TFS) was highly reproducible

between radiologists

In order to determine the concordance in the fibrosis scores between the two radiologists,
| examined the correlation in the percentages given by both assessors for the four
components (namely, honeycombing, reticulation, traction bronchiectasis and ground
glass opacification (GGO) with traction bronchiectasis [13]) alongside the TFS (the sum

of all the scores).

Scores for all the fibrotic parameters were highly reproducible between the two
radiologists (Fig 4-2), including the TFS. The Bland-Altman analysis undertaken on the
TFS confirmed that no significant systemic deviation in the scores existed (Fig 4-2f). The

TFS was used for further analyses.
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Figure 4-2. Correlations in the scoring of fibrotic components on CT by two radiologists who were
blinded to each other.

Pearson correlation test used for a-e. Correlation in the scoring of: (a) reticulation (b) honeycombing (c)
ground-glass opacification with traction bronchiectasis (d) traction bronchiectasis. (e) Correlation in the Total
CT Fibrosis Score (TFS) which is the sum of these four components. (f) A Bland-Altman plot showing a lack
of systemic deviation in the scoring of the Total CT Fibrosis Score by the two radiology assessors.
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4.4.3 Validation of the TFS against lung function parameters CPI, FVC
and TLCO

Disease severity in IPF is often estimated using lung function parameters but
confounding factors such as coexistent lung disease and technical difficulties can make
accurate interpretation difficult. The TFS should circumvent these issues and provide a
direct method of measuring disease severity through the grading of amount of fibrotic

tissue within the lung.

To evaluate how the TFS compares with lung function parameters, the CPI, TLCO and
FVC from patients with stable disease were plotted against the TFS. Figure 1-3 shows
that significant correlations were seen with all three of the lung function parameters,
although the CPI most strongly correlated with the TFS (r=0.63, p<0.001) and the FVC
was less closely associated (r=0.37, p=0.03). These results support the use of the TFS
as a direct measure of disease severity (through grading of fibrotic extent) which is not

subject to the confounding factors complicating lung function interpretation.
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Figure 4-3. Correlation between the Total CT Fibrosis Score and lung function parameters.
a) CPI b) TLCO and c) FVC. Pearson correlation test used.
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4.4.4 Monocyte levels correlated positively with the TFS but not with

lung function parameters

Using flow cytometry to identify monocyte populations, | questioned whether monocyte

levels in IPF were associated with the extent of fibrosis using the TFS.

The TFS was compared to the percentage monocytes within peripheral blood
mononuclear cells (PBMCs) in patients with stable disease. AEIPF were excluded from
this analysis due to the possible confounding effects of corticosteroids on monocyte
levels. Figure 4-4a demonstrates the strong correlation between the TFS and the
proportion of monocytes (r=0.577, p=0.006) in patients with stable IPF. To determine
which of the fibrotic components were most closely associated with monocyte levels,
honeycombing, traction bronchiectasis, GGO with traction and reticulation were
individually examined. Honeycombing and traction bronchiectasis were found to
correlate significantly with monocyte percentage (r=0.520, p=0.016 and r=0.518,
p=0.016 respectively, Fig 4-4b-c). The correlation values for ground glass change with
traction bronchiectasis did not reach statistical significance (r=0.432, p=0.0503, Fig 4-
4d).
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Figure 4-4. The correlation of monocyte levels (represented as % of PBMCs) with the Total CT
Fibrosis Score and the individual fibrotic components that make up the total score.

Pearson correlation used for all analyses. The percentage of CD14+ cells (monocytes) within PBMCs were
correlated with: (a) The Total CT Fibrosis Score (b) Honeycombing (c) Traction bronchiectasis (d) Ground

glass change with traction (e) Reticulation Score. n=21.
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Given the correlation of the TFS with lung function parameters, | was interested in
determining whether monocyte levels also correlated with these values. | thus compared
the CPI, TLCO and FVC with monocyte percentage in stable IPF patients. In contrast to
the TFS, no correlations were observed with any of the lung function parameters [CPI
r=0.06 p=0.704; TLCO r=-0.07 p=0.680; FVC r=-0.07 p=0.675 (Fig 4-5a-c)].
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Figure 4-5. The relationship of monocyte percentage (of PBMCs) and lung function values.
Pearson correlation used for all analyses. (a) CPI (b) Percentage predicted TLCO (c) Percentage predicted
FVC in stable IPF patients. (a) and (b) n=36, (c) n=38.

4.4.5 Cell surface markers CD64, CD163, CCR7, CD62L on monocytes
and the CD163/CD64 ratio did not correlate significantly with the

TFS or lung function indices

To examine whether there was an association between monocyte immunophenotype
and indices of disease severity, correlations were undertaken comparing the expression
(MF1) of CD62L, CCR7, CD163, CD64 and the CD163/CD64 ratio with the TFS and CPI
in stable patients.
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There was no statistical significance observed between any of the phenotypic markers
and the TFS or CPI (Fig 4-6). CD62L however showed a trend towards higher expression
in patients with a greater disease burden on CT. CCR7 was only measured on a small
number of patients due to problems with the availability of antibody but shows a possible

downward trend in patients with higher TFS scores (Fig 4-6j).
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Figure 4-6. Correlations between the CPI, Total CT Fibrosis Score (TFS) and cell surface receptors
CD163,CD64, CD62L, CCR7 and the CD163/CD64 ratio to look at M2/M1 balance in different severities

of disease.
Pearson correlation used for all analyses. (a) The correlation between the MFI of CD163 and the CPI n=29.

(b) The correlation between the MFI of CD163 and the TFS n=18. (c) CD64 versus CPI n=34. (d) CD64
versus the TFS n=21. (e) The M2/M1 ratio using CD163/CD64 correlated with the CPI n=30 and (f) TFS
n=18. (g) CD62L versus the CPIl n=14 and (h) TFS n=13. (i) CCR7 versus the CPI n=9 and (j) TFS n=7.

4.4.6 Patients with AEIPF have a higher burden of lung fibrosis than

patients with stable disease

Research into acute exacerbations of IPF has been hampered by inconsistencies used
to define these events as well as differences in study design and reporting standards.
Studies that have sought to identify risk factors for AEIPF have found that a lower FVC
at baseline, the presence of pulmonary hypertension and patients who have never
smoked are at higher risk of this complication [14-16, 24, 248, 292]. It is not known
however whether more severe disease itself is a risk factor. | was therefore interested in
determining whether patients who had AEIPF had greater disease burden on CT. The
Total CT Fibrosis Score takes into account fibrosis components, but not ground-glass
change and consolidation which are super-imposed changes seen during AEIPF. It was
therefore used to determine whether extent of lung fibrosis (i.e. disease severity) was

associated with AE events.

Patients with AEIPF who had CT scans undertaken within 2 months of blood sampling
[mean time period: 14.8 days (range 0-60)] were compared to those with stable IPF.
AEIPF patients had significantly higher fibrosis scores than stable patients (p<0.004, Fig

4-7a). Patients who had CT scans taken around the time of diagnosis of AEIPF [mean
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difference in blood sampling from CT: 8.9 days (range 0-29)] had significantly higher
scores of consolidation and ground glass change, in keeping with the diagnosis of AEIPF
(p=0.001, Fig 4-7b).
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Figure 4-7. Comparison of the Total CT Fibrosis Score and CT scores of ground-glass opacification
(GGO) and consolidation in patients with stable disease and AEIPF.

Median and interquartile range described here and depicted on graphs. (a) CT fibrosis score in stable
patients and those with AEIPF: 210(127-367) vs 432(349-553) respectively. (b) CT scoring of GGO and
consolidation in stable patients and those with AEIPF: 20.0(7.5-45) vs 85.0(35.6-131.9) respectively. Stable
IPF and AEIPF n=31 and 10. Man Whitney test used for statistical analysis.

b

4.4.7 Pirfenidone attenuates CD64 expression on monocytes

Pirfenidone is a novel anti-fibrotic agent which attenuates the downstream effects of
TGFR. It slows progression of the disease and recent data suggests a mortality benefit
[19]. The mechanisms of its action have not been fully elicited but given its proven clinical
efficacy, increasing numbers of patients are commenced on treatment. To evaluate its
possible effect on monocyte phenotype, | compared patients taking Pirfenidone with

treatment-naive patients.

In the first instance, | compared the TFS and CPI between treated and untreated patients
to determine whether potential differences in phenotypic markers could be due to
disparities in disease severity (Fig 4-8 a-b). No significant differences were observed in
Pirfenidone-treated and untreated patients. The percentage of monocytes within PBMCs

were also similar between the two groups (4-8 c).
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Figure 4-8. The clinical parameters and monocyte percentages of patients off and on Pirfenidone (No
Pirf/Pirf).

Mean(SD) depicted in graphs. (a) The total Fibrosis Score (b) the Composite Physiological Index (CPI) (c)
and monocyte percentage within PBMCs. Student t test used for statistical analyses. P<0.05 taken to
indicate statistical significance.

Comparisons of cell surface expression of CD64, CD163 and CD62L revealed one
notable difference. CD64 expression (which is present on almost all monocytes and
therefore only the MFI was compared) was lower in Pirfenidone treated patients
compared to treatment-naive patients (Adj-p=0.012 for treatment-naive patients and
controls, Adj-p=0.17 for Pirfenidone-treated IPF vs controls, Fig 4-9a). Thus, Pirfenidone
appears to reduce CD64 expression on monocytes towards levels observed in aged-
matched healthy controls. CD163 expression (MFI) on monocytes from treatment-naive
patients compared with treated patients and controls showed a trend towards higher
expression but statistical significance was not reached (Adj-p=0.059 for treatment naive
IPF and controls, Fig 4-9b). CD62L, which is also expressed on almost all monocytes,
did not show differences in the intensity of expression between groups (Fig 4-9d). CCR7

was not included in the analysis due to small sample size in the Pirfenidone group.

| next examined whether CD64 expression was associated with worsening disease in

treatment-naive patients in comparison to treated patients. As only 7 patients on
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Pirfenidone had CT scoring undertaken, the CPI was used in preference. Examining the
MFI of CD64 with the CPI revealed no significant correlations in either group although a
downward trend in CD64 expression was observed in treatment-naive patients with
increasing CPI (r=-0.33, p-0.140, Fig 4.9e) that was not seen in Pirfenidone-treated
patients. There was no correlation between CD163 expression and CPI in treatment-

naive patients (Fig 4-9g-h).
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Figure 4-9. Comparison of the expression of cell surface receptors CD163, CD64 and CD62L on
monocytes from treatment-naive patients (No Pirf), those on Pirfenidone (Pirf) and controls (HC).
The MFI of CD64 and CD163 was plotted against the CPI to determine if disease severity in Pirfenidone
treated and untreated patients correlated with the intensity of receptor expression. For figures a-d, SD(mean)
is depicted in the graphs and quoted here. (a) The MFI of CD64 expression on monocytes from IPF patients
not on Pirfenidone was significantly higher than in controls (Adj p=0.012), whereas no significant difference
was seen between Pirfenidone treated patients and controls (Adj-p=0.170). [SD(mean) No Pirf: 3841(1131)
vs Pirf: 3492(1195) vs Controls: 2979(1039) n= 24, 18 and 26 respectively]. (b) The MFI of CD163 on
monocytes from IPF patients on Pirfenidone showed a trend towards increased expression compared to
controls (Adj p=0.059). [No pirf: 1817(986.8) vs Pirf: 1698(1155) vs controls: 1321(566.4). n=28, 19 and 26
respectively]. (¢) The percentage of monocytes expressing CD163 from IPF patients not on Pirfenidone was
similar to those on treatment and healthy controls. (d) CD62L expression between the three groups did not
differ significantly. (e-f) Correlations between CD64 expression and CPI in patients not on treatment (r=-
0.33, p=0.140) compared to those on Pirfenidone (r=-0.07, p=0.782). (g-h) Significant correlations were not
seen between CD163 expression on monocytes and CPI in patients on and off Pirfenidone. For Figures a-
d: Kruskal-Wallis or One-way ANOVA was used with Dunn’s or Tukey’s multiple comparison test. Pearsons
correlation test was used for graphs e-h.
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4.5 Discussion

This chapter has examined the association between the immunophenotype and levels
of monocytes, with indices of disease severity and the use of anti-fibrotic therapy. Due
to the difficulties in assessing severity of disease by use of lung function parameters, |
assisted in the development of a CT fibrosis scoring system that specifically identifies
the radiological components of fibrosis associated with usual interstitial pneumonia; the
radiological pattern seen in IPF. This CT scoring system provides a direct measure of
fibrotic extent and was found to correlate closely with monocyte levels. In addition,
CD62L, a cellular adhesion molecule that facilitates monocyte migration and adhesion
to the endothelium, showed a trend towards increased expression in patients with
greater disease burden, supporting the hypothesis that as the disease progresses,
monocytes are activated and recruited to the lung where they may potentiate collagen
deposition. Monocyte immunophenotype from patients on Pirfenidone was found to differ
from untreated patients, with CD64 expression reduced towards control levels. It is
possible therefore that this drug directly or indirectly modulates monocyte phenotype and

may be one of the mechanisms by which the drug slows progression of fibrosis.

The CT fibrosis score was developed to provide a direct measurement of fibrotic extent
within the lung parenchyma. The low inter-observer variability in the CT scores and close
correlation with lung function parameters provide evidence that TFS is a robust tool with
which to assess disease severity. The finding therefore that monocyte levels were linked
to the burden of fibrosis is likely to be of significance. Due to a lack of longitudinal data
it is unclear whether high monocyte levels were present in a subset of patients from the
outset of the disease and thus represent a risk factor for more rapid disease progression,
or if circulating monocytes increase over the course of the disease as fibrosis
progresses. This later possibility fits well with the accepted pathogenesis of the disease.
IPF is thought to arise from an aberrant healing response following alveolar epithelial cell
(AEC) injury. Damage to AECs initiates a cascade of profibrotic pathways resulting in
release of cytokines and chemokines that potentiate matrix deposition and inhibit
resolution responses. Concentrations of MCP-1, a major monocyte chemoattractant,
were found to be elevated in both the BAL and serum of IPF patients and thus monocytes
may traffic to the lung along this chemotactic gradient [246]. IPF is characterised by
temporal and spatial heterogeneity but as the disease progresses, the burden of chronic

injury accumulates and this may proportionately increase the amount of monocyte

116



Chapter 4: Fibrotic burden, anti-fibrotic treatment and monocytes in IPF

chemoattractants released, stimulating greater egress from the bone marrow. Repetitive
lung damage depletes populations of resident macrophages and blood-borne precursors
(monocytes) may subsequently occupy vacant niches within the lung and further
exacerbate the deposition of fibrotic material. The expression of CD62L, which shows a
trend towards higher expression on monocytes from patients with advanced disease,
also supports this theory. CD62L is an important leucocyte homing receptor which
enables cells such as monocytes and neutrophils to roll and adhere to the endothelium.
In response to injury and inflammation, CD62L is upregulated on these cells and the
endothelium simultaneously expresses a specific ligand that results in the adhesion of
monocytes to the vessel wall prior to extravasation into tissue [293]. Interestingly, when
examining the association of individual fibrotic components with monocyte levels, the
closest correlation seen was with honeycombing whereas no correlation was observed
with reticulation. The presence of honeycombing enables a diagnosis of ‘definite’ (rather
than ‘probable’) IPF to be made, whereas reticulation is a feature of many interstitial lung
diseases, raising the possibility that monocytes play a specific role in IPF that may not

extend to other forms of fibrotic lung disease.

Whilst lung function values correlated well with TFS, they were not found to correlate
with monocyte levels. This is likely to be because these parameters provide different
information. The TFS gives a measure of pathological extent of disease, whereas lung
function values provide a measure of physiological dysfunction. In addition to
confounding factors such as co-existent disease, poor technique and variable
reproducibility, the range of ‘normal’ lung function values span between 80-120%, so
depending on the physiology of the individual, an FVC or TLCO of 70% can signify a loss
of 10 to 42% of lung volume. Thus, whilst lung function parameters may provide a useful
proxy measure of disease severity, the TFS provides a more reliable measure of extent

of disease not affected by confounding issues.

In this study, the majority of CT scans undertaken in patients with AEIPF were performed
early on following hospital admission. The CT fibrosis scores were higher in AEIPF
patients, independent of super-imposed changes associated with these events. This
most likely indicates that severe disease is a risk factor for exacerbation, which has been
suggested by previous studies through surrogate markers such as the presence of
pulmonary hypertension and a low FVC, but not noted with certainty. Indeed, Table 3-1
shows that patients with AEIPF had a higher mean CPI consolidating the TFS findings.

There is also an alternative or additional explanation, which is that acute exacerbations
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(AE) represent an acceleration of the underlying disease process and by the time the CT
scans were undertaken, the increase in fibrotic burden had become visible and
quantifiable. Two patients in the study had CT scans scored when their disease was
stable and later during AEIPF. Despite only a 2 and 4-month period between scans, the

CT fibrosis scores had increased from 472 to 497 and 302 to 392, respectively.

The previous chapter showed that CD64 was increased on monocytes from patients with
stable IPF. This chapter has shown that this increase relates only to patients not on anti-
fibrotic therapy. This mirrors the findings from other studies that demonstrated successful
treatment of chronic inflammatory arthropathy resulted in restoration of CD64 expression
to control levels [250, 253]. CD64 is an Fc receptor that activates inflammatory pathways
following the binding of immune complexes (IC). These complexes result from antibodies
binding to self-antigens which can then lodge in the microvasculature and cause tissue
damage and inflammation. Successful treatment of autoimmune disease involves
inhibiting autoantibody responses and thus the fall in CD64 expression observed after
successful treatment may be a secondary phenomenon. IPF is not generally considered
to be an autoimmune disease but autoantibodies and high levels of ICs in the BALF and
serum have been identified in a significant proportion of patients [37, 143, 158, 294]
suggesting a breakdown in immune tolerance may play a role in the disease [143]. Thus,
Pirfenidone may be inhibiting processes that result in IC formation and by removing this
stimulus, CD64 expression becomes lowered on monocytes. Alternatively, Pirfenidone
may reduce CD64 expression directly through its recognised inhibitory effect on
inflammatory processes. Pirfenidone may also modulate monocyte phenotype indirectly
by attenuating the environmental cues (such as inhibiting TNFa production [295]) that

promote ‘M1’ responses by monocytes).

The findings in this chapter support the hypothesis that monocytes play a role in the
progression of IPF. The mechanism by which they influence fibrogenic processes is
unknown however and larger studies, including longitudinal collection of data, would be
useful in the first instance to further examine the relationship between monocytes and
disease burden. If the findings presented here are consolidated, they may serve a clinical
application. Whilst CT fibrosis scores provide a robust measure of disease burden and
are likely to play a role in determining end-points in future IPF clinical trials [296], they
are time-consuming to score and lack of radiologist expertise in many centres means
that they are unlikely to become incorporated into clinical practice. Monocyte levels,

alongside other proxy markers of disease severity, such as physiological parameters,
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may thus assist in prognostication and the decision to commence treatment or monitor
more closely. Furthermore, it would be of interest and clinical relevance to establish
whether CD64 expression is attenuated on monocytes from all IPF patients on treatment
or restricted to patients who respond well to therapy (i.e. demonstrate a slowing in
disease progression). In a study by Matt et al. (2015) [250], CD64 expression was
reduced only in rheumatoid patients who experienced a positive clinical response to
treatment and a fall in inflammatory markers. If this finding is reproduced in the context
of IPF, it may help to select out which patients are likely to benefit from long-term use of
anti-fibrotic agents and lower the threshold for stopping treatment in those with side-

effects.
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5 Phenotypic and functional characteristics of

monocyte-derived macrophages from IPF patients

5.1 Introduction

Within the lung, alveolar and interstitial macrophages represent two distinct populations
[183, 297]. Research over recent years has demonstrated that alveolar macrophage
populations become established during foetal and early post-natal development [194].
The origin of interstitial macrophages is less clearly understood, with evidence existing
to support both a haematopoietic and embryonic origin [188, 189, 269, 298]. These
tissue-based macrophage populations facilitate lung homeostasis but during lung injury
cell numbers become diminished [188, 189]. Monocytes play a vital role in orchestrating
reparative responses and are present throughout all stages of the wound healing
process. In cases of chronic injury or repeated infection, there is evidence that
monocyte-derived-macrophages (MDMs) replenish vacant lung niches and can, over
time, contribute to the macrophage population [193, 269]. Furthermore, studies have
found that depleting peripheral monocytes in a model of murine lung fibrosis reduced
fibrosis severity [25, 193].

In the previous two chapters | showed that monocyte levels were increased in IPF
patients and this correlated with fibrotic burden. Phenotypic differences in IPF
monocytes, such as the elevated expression of CD64 and CD14, were also observed.
Monocytes from patients with acute exacerbations of IPF (AEIPF), who were taking high
dose corticosteroids, also showed high expression of CD163. It is unknown however how
these differences translate as IPF and healthy control monocytes differentiate into
macrophages. This question is important since IPF is a tissue-specific disease and the
influence of monocytes on fibrogenic processes is likely to be exerted predominantly
following extravasation and differentiation within the lung parenchyma. Of significance,
a recent study by Misharin et al. found that the ontogeny of murine macrophages differed
in the context of lung fibrosis with monocyte-derived-macrophages representing a
substantial proportion of the total population [193]. Leading investigators in IPF propose
that chronic or repetitive injury exacerbates and may even drive fibrogenic processes.
Such injurious stimuli, alongside the replacement of healthy tissue with fibrotic material,

may deplete resident macrophages and result in a compensatory rise in macrophages
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derived from monocyte precursors. The functional and cytokine repertoire of these
blood-derived cells has been found to differ from embryonically-derived macrophages
and depending on their characteristics, may either enhance or inhibit matrix deposition
[193, 299, 300].

The focus of this chapter was therefore to characterise monocytes following ex-vivo
differentiation into macrophages. | was interested in determining whether IPF MDMs
differed from healthy controls and whether these differences resembled macrophage
phenotypes associated with reparative and profibrotic activities. To evaluate this, |
looked at markers associated with defined macrophage populations identified
predominantly through in vitro work. Using ‘M1’ and ‘M2’ as a framework, | studied the
expression of cell surface markers associated with polarised phenotypes. | then
compared the expression of key genes differentially expressed by macrophage
populations associated with early (inflammatory) and late (reparative) stages of wound
repair (Figure 5-1). To determine whether phenotypic changes observed may be related
to factors within the serum, | measured the concentration of M-CSF to see if endogenous
production of this growth factor differed between IPF patients and controls. To
investigate whether MDMs from patients and controls exhibited functional differences
that may have pathophysiological relevance in vivo, | looked at the generation of reactive
oxygen species in response to stimulation and the release of IL-1R} following activation
of the NRLP3 inflammasome. Lastly, to determine the impact of steroid administration
on monocytes, | examined at the phenotype of MDMs following both in vivo and in vitro

exposure to corticosteroids.
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Figure 5-1. The major macrophage phenotypes associated with inflammatory (M1) and

reparative/resolution (M2) processes.

Phenotype and function are modulated by external triggers including DAMPs, PAMPs, cytokines and other
soluble factors. Transcription factors, cytosolic and cell surface proteins plus cytokines/chemokines
associated with inflammatory (M1) and reparative/resolution (M2) responses are depicted in this diagram.
Adapted from T Wynn ‘Macrophages in Tissue Repair, Regeneration and Fibrosis’ (2016) Immunity [126].

5.2 Hypothesis and aims

I hypothesised that monocytes from IPF patients differentiate into macrophages with pro-

repair characteristics. To explore this, | performed the following:

1. Examined the differentiation and phenotypic characteristics of monocyte-derived

macrophages from IPF patients compared with age-matched healthy controls.

Compared the phenotype of MDMs from patients on corticosteroids to those not
on treatment in order to determine how steroid use influences monocyte to

macrophage differentiation.
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3. Compared the apoptotic index of cultured monocytes during the process of

macrophage differentiation in controls and IPF patients.

4. Analysed RNA expression of key genes associated with inflammatory and

reparative macrophage functions.

5. Measured M-CSF to determine if soluble factors within the serum may be

influencing patterns of differentiation.

6. Examined the ability of MDMs from IPF patients and controls to release reactive

oxygen species (ROS) and IL-1 in response to stimulation.

5.3 Methods

5.3.1 Participant samples

Samples were collected from April 2015 to August 2016. Patient samples were acquired
during specialist ILD clinics or during in-patient stays. Age and sex-matched healthy
volunteers were recruited from orthopaedic pre-assessment clinics or the University and
screened for the presence of co-existent inflammatory conditions and lung disease. Only

ex-smokers or non-smokers were included in the study.

Further details are documented in section 2.1.

5.3.2 Generation of monocyte-derived macrophages (MDMs)

PBMCs were extracted using the Ficoll gradient-sedimentation method (section 2.3.2)
and monocytes isolated through positive selection using CD14 microbeads (section
2.3.4). Isolated monocytes were suspended at a concentration of 1x10%/ml in X-vivo
(Lonza) and supplemented with 10% autologous serum. 50ng/ml of M-CSF was added
on day 0 only and cells were plated onto either 6 well low-adherence plates. Media was

replenished on day 4 and cells were harvested on day 7 (section 2.3.5).
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5.3.3 Dexamethasone assay

Monocytes from controls and IPF were isolated and prepared as described above.
Participant samples were plated in duplicate and media containing Dexamethasone was
added to one plate on day 0 and day 3. A stock solution of Dexamethasone (Sigma
D4902) was prepared by dissolving 1mg Dexamethasone in 1ml of ethanol. Further
dilutions were made using sterile media to obtain a final 100uM concentration. Cells were
then harvested on day 7 and stained with flourochrome conjugated antibodies (mAbs)
for flow cytometric analysis. Dexamethasone-treated MDMs and non-treated cells from

the same donor were directly compared.

5.3.4 Flow cytometry and gating strategy

MDMs were plated into 96 well plates at a concentration of 1x10°/well, incubated with a
viability dye followed by surface staining using mAbs and fixed. Cells were then
permeabilised with Saponin buffer (Table 2-1, section 2.3.1) and stained with the
intracellular macrophage marker CD68 for 30 minutes. Cells were then washed twice in
Saponin buffer, once in FACs buffer and finally resuspended in fixative for flow cytometric

analysis (section 2.4).

The gating strategy depicted in Figure 5.2 was used to determine the percentage of cells
positive for the receptor of interest. A singlet gate was first applied using FSC-H/FSC-A
followed by the gating out of non-viable cells (typically around 10%). Isotype controls
were used to establish the gating for the positive population and the gate was then
applied to the test sample. Due to the high proportion of MDMs expressing the majority
of receptors analysed, the geometric mean fluorescence intensity (MFI) was used to

determine the relative intensity of expression by the MDMs.

Apoptosis assays were undertaken on monocytes at day 1, 3 and 5 using annexin V and
7AAD. For experiments investigating preferential apoptosis of monocytes expressing
CD64 and CD163, cells were harvested on day 1 and first incubated with mAbs against

these receptors prior to annexin V and 7AAD staining (section 2.7).
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Figure 5-2. Gating strategy for MDM phenotyping.
From left to right: Singlet gate; live cells; isotype control used to determine gating of positive population; test
sample with gate applied to determine percentage of cells positive for the protein of interest.

5.3.5 ELISA for M-CSF

Serum collected from study participants was heat inactivated at 56°C and frozen at
-20°C. Serum samples for ELISA were then thawed and M-CSF was measured using a

quantitative sandwich ELISA (R&D Systems). See section 2.6 for further details.

5.3.6 Functional assays

Reactive oxygen species (ROS) generation by MDMs was assessed using the
compound CM-H2DCFDA (Molecular Probes). 1x10° MDMs were plated onto a 96 well
plate and incubated in PBS and 5uM of the compound for 30 minutes at 37°C. Cells were
then washed and oxidative stress induced by the addition of 0.03% hydrogen peroxide
for 1 hour. Viability dye was then added for 10 minutes before samples were placed on

ice for immediate acquisition on the flow cytometer (section 2.5.2).

Inflammasome assay: IL-13 release resulting from inflammasome activation was
assessed using LPS as a priming signal and Nigericin as a second signal (section 2.5.3).
1x10° MDMs were plated onto a 96 well plate and incubated overnight for 16 hours in
R10 and 0.1ug/ml LPS. 1ug/ml of Nigericin was then added to control and test wells for
30 minutes to activate the NLRP3 inflammasome to release IL-1[3. The supernatant was
then removed and frozen at -20C. A quantitative sandwich ELISA for IL-1R (R&D

Systems) was used to quantify the amount of IL-1 released (section 2.6.1).
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5.3.7 RNA extraction and gPCR

To consolidate the MDM phenotypic findings, RNA was extracted from day 7 MDMs.
gPCR using SYBR® Green was undertaken to compare the expression of reparative and
inflammatory genes in 6 control and 8 IPF MDM samples (section 2.9). Fold change was
calculated using three housekeeping genes, 32 microglobulin, R-actin and cyclophilin A.

Details of genes analysed are listed in Table 2-6 and 2-9 (section 2.10).

5.4 Results
5.4.1 Participant demographics

Patients enrolled into this part of the study are listed in Table 5-1. All had a definite or
probable diagnosis of IPF. For phenotyping studies, patients on prednisolone with stable
disease and AEIPF were included for comparative purposes but analysed separately.
For all other studies, including RNA extraction, patients on prednisolone were excluded
although 29% were on anti-fibrotic therapy. Controls were similarly matched in age

although a higher proportion of females were enrolled (32% versus 15%).

Demographics All IPF Stable IPF not | Stable IPF on AEIPF Controls
on Prednisolone

Prednisolone

Sample number 25 4 19
% Male 85 78 100 75 68
Mean age 69.9 72.8 58.2 67.7 64.9
(range) (45-87) (63-87) (45-78) (67-69) (49-86)
% Definite diagnosis 48 57 0 75 N/A
% on Anti-fibrotics 44 29 50 50 N/A
(number) (11) (5) (2) (2)
N=Nintedanib P=Pirfenidone = N=0 P=11
Dose of Prednisolone/ o o
Methylprednisolone . N/A -f'mg mg N/A
(range) (10-40mg) (20-500mg)

Table 5-1. Demographic details of patients and controls participating in MDM phenotyping.
Stable patients not on corticosteroids were analysed separately from patients on prednisolone with stable
disease and those with AEIPF (N/A information not applicable or unavailable).
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Table 5-2 shows the characteristics of patients involved in functional assays and gene

expression analysis.

Demographics Inflammasome

IPF Controls IPF Controls IPF Controls
Sample number 9 7 13 14 8 6
% Male 100 86 69 64 87 83
Mean age 71.8 66.9 74.7 68.8 72.2 65.2
(range) (57-82) (57-73) (62-87) (58-84) 66-79) (51-71)
% Definite
diagnosis 78 NA 46 NA 13 NA

% on anti-fibrotics
N=Nintedanib
P=Pirfenidone

78 38 37

(N=1P=s) NA  I(N=2P=3) NA | (N=2,P=1) by

Table 5-2. Demographic details of patients and controls participating in MDM functional assays and
RNA analysis.
A variable proportion of patients were taking Nintedanib (N) or Pirfenidone (P) at the time of blood sampling.

5.4.2 CD14 expression was down-regulated and CD68 up-regulated
during the differentiation of monocytes to macrophages in

culture

During the one week culture period, | observed that monocytes from both IPF patients
and healthy controls undergo distinct morphological changes. When monocytes were
first isolated from PBMCs they were small and spherical in appearance. After 24 hours,
many could be seen adhering to the base of the well, often in clusters as depicted in
Figure 5-3a. Over 7 days, they enlarged in size and appeared more granular and
irregular in outline. By day 7, they had formed complex dendritic processes which often
extended between cells. The photomicrographs below illustrate the morphological

changes that occurred during the process of monocyte to macrophage differentiation.

As monocytes started to acquire the morphological characteristics of macrophages,
CD14, a membrane receptor that distinguishes monocytes from other mononuclear cells,
was down-regulated. CD68, an intracellular lysosomal scavenger receptor and

macrophage marker, was correspondingly up-regulated. This is demonstrated in Fig 5-3
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which shows the percentage of monocytes from healthy volunteers expressing CD14

falling over 7 days as they matured into macrophages and started to up-regulate

expression of CD68.
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Figure 5-3. Monocytes change morphologically and phenotypically as they differentiate into
macrophages.

Positively selected monocytes from healthy controls were immunostained for CD14 and CDG68 or cultured in
duplicate to determine the expression of these receptors on day 5 (CD14 only) and 7. (a) photomicrograph
images of monocytes in culture on day 1, 4 and 7. Insert shows close up image of the dendritic processes
extending from one cell to another. (b) Using flow cytometry, CD14 expression on monocytes from healthy
volunteers was found to be down-regulated as cells differentiate in culture over a 7-day period. (c) The
percentage of monocytes expressing CD68 was low in freshly isolated monocytes but by day 7 the majority
of cells expressed this intracellular receptor. CD14 n=3, CD68 n=5. SD(mean) illustrated in graphs.
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5.4.3 Monocytes from IPF patients showed evidence of delayed

differentiation in ex vivo culture

To assess the differentiation of monocytes to macrophages, cells were stained on day 7

with the monocyte marker CD14 and macrophage marker CD68.
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Figure 5-4. Expression of the monocyte marker CD14 and the macrophage marker CD68 on day 7
monocyte-derived macrophages (MDMs) from stable IPF patients and controls.

Positively selected monocytes were cultured for 7 days in autologous serum then stained with mAb for flow
cytometric analysis. SD(mean) quoted here and depicted in the graphs. (a-b) The percentage and mean
fluorescent intensity (MFI) of CD14 expression on MDMs from IPF patients was significantly higher
compared to MDMs from age-matched controls [57%(21) vs 32%(18) and MFI 1004(460) vs 608(122) n=17
and 19]. (c) The MFI of CD68 on day 7 MDMs was lower in IPF patients compared to controls [786(327) vs
1144(436) n=14 and 13]. (d) Representative FACs plot of day 7 MDMs from a control and IPF patient (gating
based on exclusion of doublets, dead cells and use of isotype controls for CD14 and CD68). Pearson-D-
Agostino normality test and Student t-test or Mann-Whitney test used. P<0.05 taken to indicate statistical

significance.

In concordance with preliminary experiments described above, | found that CD14 was
down-regulated and CD68 expression up-regulated in both patient and control groups
after 7 days in culture. Differences however were noted between the two groups with the

percentage of MDMs that still expressed CD14 and the mean fluorescence intensity
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(MFI) of CD14 significantly higher in the IPF group compared to controls (p-values both
0.001, Fig 5-4a-b). Correspondingly, the MFI of CD68 was lower in the IPF group
(p=0.044, Fig 5-4c) suggesting that MDMs from IPF patients are less well differentiated
than healthy controls and continue to possess a more monocyte-like phenotype after 7

days.

5.4.4 Monocytes from IPF patients differentiated into phenotypically
distinct MDMs

To determine if monocytes from IPF patients differentiated into macrophages with
reparative (M2) or inflammatory phenotypes (M1), day 7 MDMs from patients and
controls were immunostained using antibodies against receptors associated with M1/M2

macrophage characteristics.

CD64 and CD86 were used as M1 markers. CD86 is upregulated on MDMs in response
to LPS, IFNy and TNFa in vitro [196] and was used as replacement for CCR7 as this
receptor was found to be down-regulated as monocytes differentiated into macrophages

during optimisation experiments, as demonstrated in Figure 5-5.

CD163 and CD200R were chosen as M2 markers. CD200R is a cell surface glycoprotein
up-regulated by macrophages following in vitro exposure to IL-4 [209] and was used as
an alternative to CD206, which had showed similar levels of expression in both control

and IPF monocytes.

| found that CD64 and CD86 were significantly downregulated on the cell surface of
MDMs in IPF patients compared to controls (p=0.005 and <0.002 for CD64 and CD86
respectively, Fig 5-6 a-b). The expression of M2 receptors, CD163 and CD200R were

not significantly different in IPF patients compared to controls (Fig 5-6¢-d).
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Figure 5-5. Expression of CCR7 on human monocytes and following differentiation into
macrophages.

(a) Expression of CCR7 on CD14 'monocytes with gating based on fluorescence-minus one (FMO) samples.
(b) Histogram demonstrating expression of CCR7 on monocytes (red) compared to the FMO (blue). (c) FACs
plot of MDMs stained with an isotype control for CCR7 (left) and CCRY7 (right) demonstrating the absence of
staining. (d) Histogram illustrating that the isotype control for CCR7 (blue) and mAb against CCR7 (red) are
the same. (data based on analysis of 6 control and 6 IPF monocytes and MDMs).
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Figure 5-6. The expression of cell surface receptors associated with inflammatory (‘M1) and
reparative (‘M2’) macrophage phenotypes on MDMs from stable IPF patients and age-matched

controls.
Monocytes were positively selected from PBMCs and differentiated in autologous serum for 7 days. Cells

were immunostained for flow cytometric analysis. Mean(SD) are described here and illustrated on graphs.
(a-b) The expression of ‘M1’ receptors CD64 and CD86 were lower on MDMs from IPF patients compared
to controls [MFI CD64: 963(480) vs 1437(455) and MFI CD86: 1549(787) vs 3340(1577) n=17 and 19]. (c-
d) MFI of ‘M2’ markers CD163 and CD200R on MDMs from controls and IPF patients were similar. (e) A
representative histogram demonstrating the MFI of CD86 in MDMs from a control (blue) and IPF patient
(orange) compared to the isotype control (red). Pearson-D-Agostino normality test and Student t-test or
Mann-Whitney test used for statistical analysis. P<0.05 taken to indicate statistical significance.

5.4.5 MDMs from AEIPF and stable patients on Prednisolone showed

up- regulation of CD163 after 7 days’ ex vivo culture

Monocytes from patients with acute exacerbations showed phenotypic changes that
differed from both stable IPF patients and healthy controls. The receptor and gene
expression findings were consistent with M2¢ polarisation with high CD163, IL-10, DSIPI,
THBS1 and low TNFa. In vitro, this phenotype can be induced by IL-10, TGFR and
glucocorticoids [196, 198, 205, 301]. M2 MDMs polarised in this way are associated with
reparative and immune-regulatory activities [126, 196, 205] (section 1.3.4, Fig 1-10).
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| was therefore interested in determining whether phenotypic characteristics associated

with corticosteroid (CS) exposure persisted after monocytes obtained from
Prednisolone-treated patients (both stable and AEIPF) were differentiated into MDMs
ex-vivo. Monocytes were also differentiated in the presence of Dexamethasone (Dex), a
CS with a similar molecular structure and pharmacodynamics to Prednisolone [302]. This
was undertaken to determine whether the phenotypic changes mirrored those seen in

Prednisolone-treated patients.

Patients treated with Prednisolone (Pred) showed up-regulation of CD163 expression
compared to those not on treatment (No Pred) (p=0.008, Fig 5-7a). The macrophage
marker CD68 was also upregulated in the Pred group (p=0.004, Fig 5-7b) although CD14
expression remained similar between groups (Fig 5-7¢). AEIPF patients are depicted in
Figure 5-7 as clear triangles to determine whether monocytes from patients with acute
exacerbations exhibited a different phenotypic profile to stable patients on Prednisolone.
Expression of CD163 was similar in both stable and AEIPF groups on Prednisolone
although a possible trend towards lower CD14 expression and higher CD68 in the AEIPF
group compared to stable Prednisolone-treated patients can be seen. AEIPF patients
were receiving the highest doses of Prednisolone (Table 5-1). No significant differences
in the expression of CD86, CD14, CD64 or CD200R were observed between patient
groups (p-values 0.982, 0.885, 0.892 and 0.370, respectively).
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Figure 5-7. Intensity of receptor expression (MFI) on MDMs from IPF patients not on prednisolone
(No Pred) compared to those on prednisolone treatment (Pred).

Monocytes from IPF patients (including AEIPF on steroid therapy) were differentiated in autologous serum
for 7 days and immunophenotyped using flow cytometry to compare the potential impact of in vivo
corticosteroids on phenotype following ex vivo culture. Mean(SD) are described here and illustrated on
graphs. (a) The MFI of CD163 was higher in MDMs derived from IPF patients on Prednisolone compared to
those not on treatment [235(182) vs 49(134) n=17 and 8]. (b) CD68 expression was higher in MDMs from
Pred patients compared to No Pred patients (1375(848) vs 719(385) n=6 and 14]. No significant differences
were seen in the expression of (c) CD14, (d) CD86, (e) CD64 and (f) CD200R in MDMs from No Pred and
Pred patients. Clear circles — stable IPF on Prednisolone; clear triangles — AEIPF on prednisolone. Pearson-
D-Agostino normality test and Student t-test or Mann-Whitney test used. P<0.05 taken to indicate statistical
significance.

I then examined the morphological and phenotypic characteristics of monocytes
differentiated in the absence or presence of Dex. As the aim of the experiment was to
determine the effects of Dex on monocyte differentiation, both control and IPF
monocytes were used. Figure 5-8 shows the combined data from both groups after Dex
treatment, which were similar between IPF and controls (p-values not significant, graphs
differentiate IPF and control samples by black or grey circles, respectively). CD206 was
used in preference to CD200R as this receptor is associated with M2c polarisation [198,
199, 301].

MDMs differentiated with Dex (Dex+) had different morphological appearances to MDMs
differentiated without Dex (Dex-). Dex+ cells retained a circular shape and appeared
smaller than untreated MDMs, aggregating in clusters loosely or non-adherent to the
base of the well (Fig 5-8a). | found that Dex+ cells had lower expression of the M1
receptor CD64 (p=0.006, Fig 1-8a) and higher expression of M2 receptors CD206 and
CD163 (p=0.008 and p<0.006 respectively, Fig 5-8d-e). CD14 was also more highly
expressed on Dex+ monocytes (p=0.011, Fig 5-8f). CD86 expression was not

significantly different on MDMs following Dex exposure (p=0.093, Fig 5-8c).
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Figure 5-8. Morphological appearances and expression of M1 and M2 receptors on day 7 MDMs
differentiated in the absence (Dex-) and presence of Dexamethasone (Dex+).

Monocytes from IPF and HCs were cultured in duplicate wells with one well containing media supplemented
with 100 uyM of Dex. Cells were harvested on day 7 for immunostaining with mAb and flow cytometric
analysis. (a) Morphological appearances under light microscopy of MDMs cultured with and without
Dexamethasone. (b) Expression of the M1 receptor CD64 was down-regulated on MDMs following Dex
exposure [Dex+ 1850(425) vs Dex- 3422(1054)]. (c) CD86 expression was not significantly different
following Dex exposure [Dex+ 2536(603) vs Dex- 3203(1289), p=0.093]. (d-e) Expression of M2 receptors
CD206 and CD163 were significantly up-regulated following Dex [CD206: Dex+ 7230(2006) vs Dex-
4040(1738) and CD163: Dex+ 16695(7729) vs Dex- 355(240)]. (f) CD14 expression was increased following
exposure to Dex [Dex+ 8713(4526) vs Dex- 3163(1536)]. n=8. SD(mean) quoted in text and illustrated on
graphs. Grey circles — healthy controls; black circles — IPF patients. Pearson and D’Agostino normality test

and paired t-tests used for all comparisons.

5.4.6 CD64" monocytes exhibit preferential apoptosis in IPF patients

Expression of CD64 on freshly isolated monocytes from IPF patients was increased
compared to age-matched controls (Section 3.4.7 and 3.4.8). Day 7 MDMs from IPF
patients however showed lower expression of CD64 compared to controls (Fig 5-9a-d).
This finding suggests that IPF monocytes either differentially down-regulate this receptor
during the process of MDM differentiation or that IPF monocytes with high CD64

expression undergo preferential apoptosis.
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Figure 5-9. The expression of CD64 on monocytes and day 7 MDMs from IPF and control participants.
Expression of CD64 was measured on freshly isolated monocytes within PBMCs and following monocyte
isolation and culture over 7 days. (a) CD64 expression on monocytes within PBMCs was significantly higher
in IPF patients compared to controls [3990(985) vs 2771(822)]. (b) Following differentiation to MDMs, CD64
expression was lower in IPF patients compared to controls [970(529) vs 1489(449)]. Expression (MFI) of
CD64 on monocytes was directly compared to expression on MDMs from the same donor. (c-d) Paired data
showing that CD64 expression falls as monocytes differentiate into MDMs but a greater reduction in
expression was seen in the IPF group. For a-b, Mann-Whitney test was used and SD(mean) quoted in text
and illustrated on graphs. For c-d, the paired t-test was used. n=14 and 14.

To firstly investigate the hypothesis that an increased proportion of IPF monocytes
undergo apoptosis during ex vivo differentiation, monocyte apoptosis was initially
assessed on day 1, 3 and 5 (Fig 5-10). Monocytes undergoing apoptosis were identified
by Annexin V staining. Those additionally positive for 7AAD indicated cells in the later
stages of apoptosis and therefore Annexin V +/-7AAD staining was included in analysis.
| found that the majority of apoptosis occurred on day 1, with a far smaller proportion of

monocytes staining positive for Annexin V on day 3 and day 5. Day 1 was therefore
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selected for subsequent analysis. The extent of apoptosis was found to be similar

between controls and patients.

To next determine whether monocytes expressing CD64 from IPF patients undergo
preferential apoptosis, | immunostained cells with mAbs to CD64 and CD163. CD163
was included to represent cell populations with a reparative (M2) phenotype. The extent
of apoptosis was then analysed on monocytes positive for CD64 and negative for CD163
(CD64°CD163° monocytes), and cells that were dual positive for both receptors
(CD64°CD163") as the population of CD163"CD64” monocytes was not large enough for

separate analysis.

Whilst the overall proportion of monocytes undergoing apoptosis did not differ between
IPF and controls, | found that the proportion of CD64°CD163" monocytes from IPF
patients undergoing apoptosis on day 1 was significantly higher than control monocytes
[mean%(SD) 30(20) vs 14(4) n=13 and 12, p=0.009 Student t-test (Fig 5-11b]. There
were no statistically significant differences in the extent of apoptosis seen in
CD64"CD163" monocytes although a possible trend towards less apoptosis occurring in

this subset was observed in the IPF cohort (Fig 5-11c).
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Figure 5-10. The proportion of apoptotic monocytes (Annexin V* +/-7AAD) within the total monocyte
population on days 1, 3 and 5 of culture.

Monocytes were isolated from PBMCs using positive selection and cultured in autologous serum. After
harvesting monocytes on day 1, 3 or 5, cells were stained with the apoptosis marker Annexin V and the cell
viability marker 7-AAD for flow cytometry. Included in the analysis are cells staining for Annexin V only (early
apoptosis) and cells positive for both Annexin V and 7AAD (late apoptosis). Mean(SD) are described here
and illustrated on graphs. (a) The highest percentage of monocytes positive for annexin V were seen on day
1 compared to day 3 and 5 and no differences were seen between controls and IPF monocytes (controls:
23.0%(10.5) vs IPF 22.4%(9.8), p=0.856, n=16 and 24, Student t-test). (b-c) On day 3 and 5, only a small
proportion of cells were positive for Annexin V and no differences were seen between controls and IPF
monocytes. Representative FACS plots at each time point depicted on the right.
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Figure 5-11. Percentage of CD64°CD163  and CD64°CD163" monocytes in apoptosis on day 1 ex vivo
culture.

(a) Representative FACs plots demonstrating the gating of CD64 and CD163 (based on FMOs) and an
example of the proportion of CD64"CD163" monocytes staining for annexin V (AV) in a control and IPF
patient. Mean(SD) are described here and illustrated on graphs. (b) The proportion of CD64*CD163
monocytes undergoing apoptosis (% Annexin V* +/- 7AAD) from IPF patients was higher than in control
participants [30%(20) vs 14%(4)] (c) The proportion of CD64 CD163" monocytes undergoing apoptosis did
not differ significantly between IPF patients and controls (18.5%(16.1) vs 24.5%(15.2). IPF n=13,
controls=12. Student t-test used.

5.4.7 RNA expression of key inflammatory and reparative genes

differs significantly between IPF and control MDMs

Over recent years, research has been undertaken to characterise monocytes and
macrophages involved in the different phases of tissue repair and regeneration.

Following injury, monocytes/macrophages orchestrate a highly co-ordinated sequence
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of cellular events to enable the restoration of healthy tissue. Aberrations in the function
or number of monocytes and macrophages have been linked to both fibrogenesis and
delayed wound healing [126, 229, 254, 303]. Indeed, models of lung and liver fibrosis
have shown that depleting monocytes/macrophages at different stages after injury can
either hasten or delay the clearance of fibrotic tissue [25, 235, 304]. Macrophages with
distinct phenotypic and functional characteristics have been identified at different phases
of the healing process, with the initial presence of inflammatory monocytes/macrophages
followed by populations which assist with matrix deposition, tissue remodelling and
resolution responses. It remains unclear whether monocytes/macrophages undergo a
phenotypic switch during the evolution of repair or if distinct populations are sequentially
recruited to the site of injury. Evidence for the later was demonstrated in a murine model
of cardiac ischaemia where the authors identified early recruitment of inflammatory (Ly6-
C"™) monocytes to the site of injury corresponding to the presence of macrophages
expressing IL-6 and TNFa, followed by the subsequent infiltration of reparative (LyC6')

monocytes after three days [234].

Decreased expression of M1 receptors CD64 and CD86 were noted on IPF MDMs,
suggesting that the phenotype of these cells may be less inflammatory than MDMs from
healthy age-matched controls. Given the established role MDMs play in tissue repair and
fibrosis, | was interested in establishing whether other phenotypic differences existed
between the two groups. In particular, | wanted to determine whether MDMs from IPF
patients exhibited the characteristics of macrophages involved in the later, reparative
(M2) stages of repair. To investigate this, | selected genes associated with macrophage
phenotypes involved in inflammatory, wound healing and resolution responses, as
defined by the current literature and summarised in Figure 5-1 and Table 5-3 [126, 196,
199].

Figure 5-12 demonstrates the expression of cytokines and soluble factors in relation to
three housekeeping genes in IPF and control MDMs. | found a significant increase in the
expression of the inflammatory cytokine TNFa in IPF MDMs compared to controls
(p=0.013, Fig 5-12a). AREG (amphiregulin) is an Epidermal Growth Factor (EGF)-like
molecule implicated in tissue repair, immune regulation [305] and more recently in
certain inflammatory responses [305]. Gene expression of AREG was higher in IPF
MDMs compared to controls (p=0.029, Fig 5-12d). Trends towards higher expression of
IL-18 and IL-6 were seen in IPF MDMs (p-values 0.108 and 0.181 respectively, Fig 5-

12b-c) alongside downward trends in the expression of /IL-10, VEGF-A and COX-2 (p-
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values 0.108, 0.108 and 0.117, respectively, Fig 5-12e, f, h). In contrast to studies
comparing alveolar macrophage production of CCL-18 in IPF patients and controls [39,
41], gene expression of this chemokine did not differ between the two groups (Fig 1-
12h). LGALSS3, coding for the protein Galectin-3, a binding protein with diverse activities
that has been implicated in lung fibrosis and found to be highly expressed in AMs from
IPF patients [306], was correspondingly up-regulated in IPF MDMs compared to controls
(p=0.007, Fig 5-12i). INHA is a gene that codes for inhibin-alpha subunit, a preproprotein
that is proteolytically cleaved to generate multiple peptide products. These proteins are
involved in the regulation of numerous cellular processes, including proliferation and
apoptosis [307]. IPF MDMs showed a trend towards increased expression of INHA

compared to controls. (p=0.082, Fig 5-12j).

Transcription factors and nuclear receptors associated with inflammatory, reparative and
immunomodulatory pathways were analysed. STAT1, a transcription factor linked to
inflammatory responses, was up-regulated in IPF MDMs compared to controls (p=0.008,
Fig 5-13a). In association with this, M2-associated genes were also more highly
expressed by IPF MDMs, including nuclear receptors GR (coding for the Glucocorticoid
Receptor), PPARYy, and the transcription factor IRF4 (p-values 0.029, 0.016, 0.043
respectively, Fig 5-13 d-f). ‘M2’ Transcription factors STAT6 and ATF3 also showed a
trend towards higher expression in IPF MDMs compared to controls (p-values 0.092, and

0.086, respectively, Fig 5-13c and g).

CD14 mRNA levels were reduced in IPF MDMs compared to controls (p=0.020, Fig 5-
14a) and no difference was seen in CD64 expression (p=0.295, Fig 5-14b). These
findings were in contrast to the protein expression of these receptors where CD14 was
noted to be increased and CD64 decreased on the cell surface of IPF MDMs compared
to controls (Fig 5-3). Expression of CSF71-R, coding for the CSF-1 Receptor and
associated with both M1 and M2 responses, was reduced in IPF MDMs compared to
controls (p=0.037, Fig 5-14c). CD274 expression was increased in IPF MDMs (p=0.024,
Fig 5-14d) but CD273 expression was not significantly different (Fig 5-14e). IPF MDMS
exhibited a trend towards increased expression of /IL-4R, which codes for the IL-4
Receptor (p=0.108, Fig 5-14f).

The full set of genes analysed are listed in Table 5-3.
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Figure 5-12. Gene expression of soluble factors and proteins in IPF and control MDMs.

gPCR was undertaken on day 7 MDMs to determine the gene expression of factors associated with
inflammatory, reparative and immunomodulatory responses. The fold change over three housekeeping
genes (CYCLOPHILIN A, B2-MICROGLOBULIN and B-ACTIN) was used to determine the relative
expression of the genes of interest. For normally distributed data, mean(SEM) are depicted in graphs. For
non-parametric data, the median and interquartile range are shown. (a) TNFa was higher in IPF MDMs. (b)
IL-6 and (c) IL-18 expression were not significantly increased in IPF MDMs compared to controls (p=0.108
and 0.181 respectively). (d) AREG expression was higher in IPF MDMs compared to controls. Expression
of (e) IL-10 and (f) VEGF-A did not differ significantly in IPF MDMs compared to controls (p-values both
0.108). (g) CCL18 expression was similar between IPF and control MDMs (h) COX-2 did not differ
significantly between groups (p=0.117). (i). LGALS3 expression was higher in IPF MDMs compared to
controls. (j) INHA expression showed an increased trend in IPF MDMs (p=0.082). Mann-Whitney or Student
t-test were used to compare data sets. p<0.05 taken to indicate statistical significance. IPF n=8, controls
n=6. Full gene list and further details are provided in Table 5-3.
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Figure 5-13. Gene expression of transcription factors and nuclear receptors in IPF and control MDMs.
gPCR was undertaken on day 7 MDMs to determine the relative gene expression of transcription factors
associated with ‘M1’ signalling and reparative/immunomodulatory ‘M2’ signalling responses. The fold
change over three housekeeping genes was used (CYCLOPHILIN A, B82-MICROGLOBULIN and B-ACTIN).
For normally distributed data, mean(SEM) are depicted in graphs. For non-parametric data, the median and
interquartile range are shown. (a) STAT1 expression was higher in IPF MDMs compared to controls (b)
STAT3 expression did not differ significantly between groups. (c) A trend towards increased expression of
STAT6 was seen in IPF MDMs (p=0.098). Significant increases in the expression of genes associated with
‘M2’ responses were seen in IPF MDMs compared to controls: (d) GR (e) PPARYy (f) IRF4 expression was
up-regulated in IPF MDMs compared to controls. (g) A trend towards increased expression of ATF3 was
seen in IPF MDMs (p=0.086). Mann-Whitney or Student t-test were used to compare data sets. p<0.05 taken
to indicate statistical significance. IPF n=8, controls n=6. Full gene list and further details are provided in
Table 5-3.
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Figure 5-14. Gene expression of cell surface receptors in IPF and control MDMs.

gPCR was undertaken on day 7 MDMs to determine the relative gene expression of cell surface receptors
associated with inflammatory (‘M1’) and reparative/immune-modulatory (‘M2’) responses. The fold change
over three housekeeping genes was used (CYCLOPHILIN A, 82-MICROGLOBULIN and B-ACTIN). For
normally distributed data, mean(SEM) are depicted in graphs. For non-parametric data, the median and
interquartile range are shown. (a) CD74 expression was lower in IPF MDMs compared to controls. (b) CD64
expression was similar between IPF and control MDMs. (c) csf1r expression was deceased in IPF MDMs
compared to controls. (d) Expression of CD274 was higher in IPF MDMs. (e) CD273 expression not differ
between the two groups. (f) IL-4R expression was not significantly increased in IPF MDMs compared to
controls (p=0.108). Mann-Whitney or Student t-test were used to compare data sets. p<0.05 taken to indicate
statistical significance. IPF n=8, controls n=6. Full gene list analysed and further details are provided in Table
5-3.
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Category

Pro-
inflammatory TNFa

IL-18
IL-6
COX-2
CD64
HLA-DR
STAT1
IDO1
IRF5
Reparative VEEEA
IGF-1
AREG
TGFB
CCL18
CCL22
CD206
CD209
IL-4R

STAT3

STAT6

IRF4

PPARy

LGALS3

INHA

Anti-
inflammatory
/ Immuno-
modulatory

IL-10

CD163

CD273/
PDL-2

CD274/
PDL-1

IL-10RB

GR/
NR3C1

ATF3

Inflammatory
and CD14
reparative or
other
CSF1-R

Protein
transcript

Description

Tumour necrosis Factor

alpha (TNFa) Gtz
Interleukin-1 beta .
(L-1R) Cytokine
Interleukin-6 (IL-6) Cytokine
Cyclooxygenase-2

(COX-2) Enzyme
CD64 Receptor
HLA-DR Receptor
Signal Transducer And Transcription
Activator Of ——— P
Transcription 1 (STAT1)

indoleamine 2,3- EE
dioxygenase 1 (IDO1) Y
Interferon Regulatory Transcription
Factor 5 (IRF5) factor
Vascular Endothelial

Growth Factor (VEGF-A) Crowth factor
Insulin-like Growth

Factor-1 (IGF-1) Growth factor
AREG./ 0 Growth factor
amphiregulin

Transforming Growth

Factor beta (TGFR) ST
Chemokine CCL18 Chemokine
Chemokine CCL22 Chemokine
CD206 Receptor
CD209 Receptor
IL-4 Receptor (IL-4R) Receptor
Signal Transducer And S
Activator Of Transcription TG P

3 (STAT3)

Signal Transducer And

Activator Of Transcription Transcription

6 (STAT6) (e

Interferon Regulatory Transcription

Factor 4 (IRF4) factor

Peroxisome

Proliferator-activated  Nuclear

Receptor-gamma Receptor

(PPARY)

Galectin-3(LGALS3)  Cnding
protein

Inhibin alpha subunit A

(INHA) Proprotein

Interleukin -10 (IL-10) Cytokine

CD163 Receptor

CD273/Programmed cell

death ligand 2 (PDL2) Receptor

CD274/Programmed

cell death ligand 1 Receptor

(PDL1)

IL-10 Receptor beta

(IL-10RR) Receptor

Glucocorticoid

Recentoy Nuclear

(GR)/Nuclear Receptor CEEF

Subfamily 3 Group C P

Member 1 (NR3C1)

Activating Transcription  Transcription

Factor 3 (ATF3) factor

CD14 Receptor

Colony stimulating

Factor-1 Receptor Receptor

(CSF1-R)

Mean
fold
change

(SEM)

HC

1.08
(0.44)

1.08
(0.50)

2.03
(2.47)

1.18
(0.75)

1.06
(0.40)

1.13
(0.62)

1.03
(0.24)

1.04
(0.32)

1.03
(0.26)

1.22
(0.77)

434
(5.60)

1.83
(2.82)

1.01
(0.17)

5.46 (8.1)

1.18
(0.64)

1.13
(0.69)

1.10
(0.51)

1.01
(0.14)

1.02
(1.21)

1.01
(0.14)

147
(0.67)

1.03
(0.26)

1.02
(0.20)

1.11
(0.55)

1.14
(0.57)

1.68
(1.82)

1.10
(0.53)

1.02
(0.25)

1.03
(0.27)

1.01
(0.19)

1.02
(0.19)

1.08
(0.44)

1.07
(0.47)

Mean
fold
change
(SEM)

1.32
(0.40)

17.82
(28.88)

1.51
(0.35)

1.96
(0.69)

2.56
(2.00)

0.67
(0.58)

0.83
(0.83)

074
(0.32)

1.62
(0.52)

0.91
(0.15)

1.27
(0.19)

1.36
(0.41)

0.45
(0.39)

0.64
(0.21)

Median
fold change
(IQR)

HC

1.09
(0.71-1.45)
0.81
(0.72-1.65)

1.15
(0.21-3.73)

0.94
(0.52-1.94)

0.89
(0.80-1.54

0.88
(0.66-1.78)

1.08
(0.90-1.19)

0.92
(0.78-1.33)

0.94
(0.85-1.19)

1.13
(0.48-1.99)

1.49
(0.09-11.14)

0.73
(0.55-2.54)

0.97
(0.87-1.12)

0.32
(0.20-15.85)

1.1
(0.64-1.83)

0.84
(0.70-1.61)

0.97
(0.65-1.63)

0.98
(0.88-1.17)

0.98
(0.84-1.24)

0.99
(0.88-1.15)

113
(0.52-1.79)

1.02
(0.77-1.24)

1.00
(0.87-1.11)
1.11
(0.57-1.45)

1.21
(0.53-1.56)

1.05
0.34-2.98)

0.94
(0.67-1.74)

0.92
(0.85-1.26)

0.95
(0.89-1.16)

1.01
(0.83-1.16)

1.00
(0.87-1.15)

0.95
(0.72-1.60)

0.89
(0.70-1.51)

Median
fold change
(IQR)

IPF

3.81
(2.66-11.44)

1.89
(1.00-4.06)

7.45
(0.94-17.39)

0.64
(0.52-0.98)

0.72
90.59-1.10)

1.08
(0.65-1.79)

1.66
(1.31-2.01)

6.21
(0.95-25.41)

0.82
90.95-1.46)

0.50
(0.25-0.70)

0.18
(0.11-0.40)

4.51
(1.45-27.91)

0.87
(0.87-0.98)

8.27
(1.10-12.20)

1.21
(0.77-1.79)

1.28
(0.62-2.30)

1.39
(0.49-1.90)

1.18
(1.01-1.44)

1.15
(0.94-1.34)

1.19
(1.05-1.43)

741
1.93-22.23)

1.40
(1.29-1.86)

1.98
(1.34-2.49)

1.87
(1.37-3.64)

0.39
(0.20-1.18)

0.64
(0.17-1.22)

0.60
(0.53-0.96)

5
(1.12-2.08)

0.94
(0.79-1.02)

13
(1.08-1.40)

1.30
(1.01-1.58)

0.30
(0.17-0.64)

0.43
(0.43-0.79)

P-value

0.013

0.108

0.181

0.117

0.295

0.950

0.008

0.142

0.207

0.108

0.282

0.029

0.142

0.228

0.852

0.662

0.662

0.108

0.239

0.092

0.043

0.016

0.007

0.082

0.108

0.228

0.142

0.024

0.340

0.029

0.086

0.013

0.037

Table 5-3. The full list of
genes analysed on day

7 MDMs from IPF
patients and aged-
matched healthy
controls (HC).

Genes are grouped
according to their
association with
inflammatory (‘M1’) and
reparative/anti-

inflammatory and

immunomodulatory

(‘M2’) responses. Mean
and median fold change
were calculated in
relation to housekeeping
genes , cyclophilin a, 32-
microglobulin  and (-
actin. D’Agostino Pear
son normality test was
used to determine
distribution of data and
Student t-test or Mann-
Whitney test used to
compare groups. P-value
<0.05 was taken to
indicate statistical
significance and these
results are highlighted in
bold. SEM- standard
error of the mean, IQR-
interquartile range, CD-
Cluster of differentiation.
IPF n=8, controls=6
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5.4.8 M-CSF was increased in the serum of IPF patients

IPF Macrophages derived from monocytes cultured in autologous serum exhibited
distinct phenotypic differences compared to age-matched controls. Expression of
inflammatory receptors, CD64 and CD86, was down-regulated whereas CD14 remained
elevated following differentiation. Gene expression data showed distinct differences in
the fold change of reparative/immunomodulatory and inflammatory genes. Whilst
preferential apoptosis of inflammatory monocytes may provide a partial explanation for
these findings, | questioned whether serum factors may also influence the pattern of
monocyte differentiation.

M-CSF is a growth factor important for the survival and differentiation of monocytes. In
addition, in vitro studies have demonstrated that it can polarise monocytes towards an
‘M2’ phenotype [196, 210, 308]. Patients with IPF were found to have elevated M-CSF
in the BALF and M-CSF knock-out mice were protected from bleomycin-induced lung
fibrosis [309]. To determine whether M-CSF was also elevated in the serum of IPF
patients, | used an ELISA assay to analyse the concentration of this growth factor in the

serum of stable patients and controls.

The results confirmed that the concentration of M-CSF was significantly higher in the

serum of IPF patients compared to healthy controls (p<0.001, Fig 5-15).

Figure 5-15. The concentration of M-CSF in
serum from IPF patients was significantly
higher than healthy controls.
An ELISA-based assay was undertaken on
° heat-inactivated serum samples from stable
IPF patients and healthy controls to determine
the concentration of M-CSF. Mean(SD)
500+ &P illustrated in graph. [Mean concentration
© (pg/ml) (SD) 824.8(245) vs 259.8(102.6) n=21
and 12 for IPF and controls respectively],
Student t-test used.

15005 p<0.001
o

—
o
S
i

Serum M-CSF
(pg/ml)

IF;F Con'trols
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5.4.9 The production of reactive oxygen species (ROS) is impaired in
IPF MDMs compared to controls

| found that the phenotypic characteristics of IPF MDMs differed significantly from MDMs
derived from healthy, age-matched controls in both protein and RNA expression. To
assess whether these phenotypic differences translated to functional differences, |
looked at the ability of MDMs to generate reactive oxygen species in response to
oxidative stress induced by hydrogen peroxide. Given that ROS production is associated
with inflammatory rather than reparative macrophage activity, | hypothesised that
generation of ROS would be lower in IPF MDMs. Of interest, however, a study published
in 1991 using a luminol-dependant chemiluminescence assay to assess ROS
generation, found that alveolar macrophages (AMs) isolated from IPF patients produced
greater ROS. This was attributed to AMs possessing a more ‘monocyte-like’ phenotype

due to decreased differentiation of monocyte-derived-macrophages [310].

ROS activity in this experiment was measured using the oxidative stress indicator CM-
H2DCFDA, which is retained in the cell following passive diffusion. MDMs were then
stimulated by hydrogen peroxide resulting in the generation of ROS and oxidation of CM-
H2DCFDA. This process of oxidation yields a fluorescent adduct that can be measured

by flow cytometric analysis.

In contrast to the study on AMs, | found that MDMs from IPF patients produced
significantly less ROS in response to oxidative stress compared to healthy controls.
Baseline levels of ROS, measured by the percentage of MDMs positive for the dye and
the MFI of CM-H2DCFDA on live cells, were similar between the two groups. Following
incubation with 0.03% H,0O, for 60 minutes, however, distinct differences in ROS
production were observed. Less ROS was generated by IPF MDMs compared to controls

(p=0.032 and p=0.011 for the percentage and MFI respectively, Fig 5-16¢ and d).
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Figure 5-16. Assay comparing ROS generation by IPF and control MDMs following stimulation with
hydrogen peroxide (H20-).

MDMs were incubated for 1 hour with the oxidative stress indicator CM-H2DCFDA, then stimulated with
0.03% H20O> to induce oxidative stress. ROS generation resulted in the oxidation and fluorescence of CM-
H2DCFDA enabling the comparative measurement of ROS within cells using flow cytometry. Mean(SD)
quoted here and illustrated on graphs. Baseline ROS production in IPF and control MDMs was similar, as
indicated by: (a) the percentage and (b) the MFI of cells fluorescing following incubation with CM-H2DCFDA
(without H20,). ROS production following stimulation with 0.03% H20- for one hour was lower in IPF MDMs
compared to controls, indicated by: (c) percentage of positive cells [53%(22) vs 75%(11)] and (d) MFI of
CM-H2DCFDA in all live cells [(24426(14644) vs 9348(4665)]. n=9 and 7, D’Agostino Pearson normality test
and Student t-test used. (e) FACs plots gated on live cells, showing unstimulated MDMs (baseline ROS
activity) and following stimulation with H>O5 in a control and IPF patient. (ROS - reactive oxygen species;
SSC - side-scatter).
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5.4.10 IL-1B secretion in response to inflammasome activation does not
differ between IPF and control MDMs

IL-1R is an inflammatory cytokine predominantly released by macrophages following
activation of pattern-recognition receptors (PRRs). Sustained release of IL-113
potentiates fibrogenic pathways through up-regulation of growth factors and cytokines
such as PDGF and TGFR [98, 109, 113]. Studies have found an increase in IL-1R in
BALF and lung tissue from IPF patients and mRNA levels were elevated in AMs [98,
113]. A trend towards increased /L-18 mRNA expression was noted in IPF MDMs
(p=0.189, Fig 5-12c), and given that MDMs are likely to contribute to the lung
macrophage population in the context of fibrosis [193], | was interested in determining

whether IL-113 secretion was enhanced in IPF MDMs following stimulation.

Release of active IL-1B} requires cleavage of the precursor protein pro-IL-13 which is
mediated by the enzyme caspase-1. Caspase-1 is activated following assembly of a
multimeric protein complex termed the NLRP3 inflammasome. Activation of NLRP3
usually requires two forms of stimuli. The first is necessary to ‘prime’ the cell resulting in
increased cellular expression of NLRP3 and pro-IL-1R, and the second stimulus leads to
assembly of NLRP3 and activation of caspase-1 which then cleaves pro-IL-1R to its
active form [111, 311, 312]. In this experiment, LPS was used as a priming signal
followed by Nigericin, a toxin that induces a fall in intracellular potassium levels resulting
in a second signal that triggers caspase-1 activation (Fig 5-17) [312, 313]. The

concentration of active IL-1 was then measured in the supernatant of MDMs via ELISA.

Figure 5-17. Activation of the

Activation NLRP3 inflammasome triggers

release of IL-1R.
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inflammasome usually requires both
priming (Signal 1) and activation
stimuli (Signal 2). Signal 1 includes
Toll-like receptor ligands such as
LPS which increase cellular
expression of NLRP3 and pro-IL-1R.
The second signal includes
DAMPS and PAMPs and results in
activation of the NLRP3
inflammasome which cleaves pro-
caspase-1. Caspase-1 then
converts pro-IL-1B to active IL-1R.

Adapted from Franchi et al. [312].
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Figure 5-18 shows the concentration of IL-1R secreted by day 7 MDMs after priming with
LPS overnight followed by Nigericin. Active IL-1R8 was not produced in significant
concentration by unstimulated cells or those stimulated by Nigericin alone although LPS
evoked IL-1R release in this in vitro experiment. Both stimuli in combination elicited the
highest production of IL-18, as measured by ELISA (Fig 5.18a). A difference in the

concentration of IL-1R secreted by MDMs was not found between patients and controls.

a.
200+
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Figure 5-18. IL-1B secretion following activation of the NLRP3 inflammasome in MDMs.

The concentration of IL-1R released by IPF and control MDMs was measured in the supernatant by ELISA
after priming cells with LPS (1:10000) for 16h followed activation by Nigericin (1:1000) for 30 minutes.
SD(mean) illustrated in graphs. (a) The concentration of IL-13 from MDMs left unstimulated (NIL), stimulated
with Nigericin (NIG) or LPS (LPS) alone and in combination (TEST). IPF and control MDMs were analysed
together n=5 grey circles - IPF, clear circles - controls. (b) Baseline IL-1R secretion by unstimulated MDMs
was minimal in both IPF and control MDMs. (c). IL-18 was produced by MDMs in response to LPS and
Nigericin but differences in the concentration were not observed between IPF and controls (p=0.398, IPF
n=8, controls n=7, Mann-Whitney test).
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5.5 Discussion

Circulating monocytes from treatment-naive patients showed subtle phenotypic
differences, but given that IPF is a disease exclusively affecting the lung parenchyma,
defining the characteristics of monocytes as they differentiate into tissue-based
macrophages is of relevance. Simulating monocyte maturation in culture over 7 days
using autologous serum revealed that IPF MDMs followed a differentiation pathway that
was divergent and distinct from healthy controls. The data has demonstrated marked
differences in the phenotype and function of IPF MDMs, providing evidence that
monocytes from IPF patients may exert differential effects following differentiation in vivo.
The high concentration of M-CSF within the serum of IPF patients and the preferential
apoptosis of inflammatory monocytes are likely to be contributing factors to the

differences observed.

The first clear phenotypic difference in IPF MDMs is the higher intensity and proportion
of cells expressing CD14. As demonstrated in Figure 5-3, monocyte to macrophage
differentiation is associated with down-regulation of this receptor and up-regulation of
the lysosomal scavenger receptor CD68. The relative expression of these receptors can
be used to distinguish monocyte and macrophage populations respectively and this
pattern is demonstrated within the control arm of the study. The retention of CD14 on
day 7 IPF MDMs coupled with a reduction in CD68 suggests that monocytes show
delayed maturation to macrophages and potentially possess a more monocyte-like
phenotype following tissue entry in vivo. There are other possibilities for the retention of
CD14 however, which are perhaps less likely but worthy of consideration, particularly as
CD14 was also more highly expressed on monocytes from IPF patients. CD14 is a
pattern recognition receptor that can recognise a number of ligands including apoptotic
cells, fungi and bacterial cell components [314]. It is most recognised for its role as the
LPS co-receptor where in conjunction with TLR4, it mediates a signalling pathway
resulting in production of TNFa and other pro-inflammatory cytokines [315]. Transgenic
mice over-expressing CD14 show a hypersensitive response to LPS and develop
endotoxin shock, whereas mice lacking CD14 show blunted inflammatory responses to
LPS challenge [316, 317]. Expression of CD14 was also found to be increased on
monocytes in patients with active vasculitis and correlated with autoantibody levels,
leading the authors to speculate that CD14 may be a marker of monocyte activation

[318]. Thus, it is possible that its elevated expression indicates that monocytes from IPF
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patients differentiate into macrophages that are more ‘activated’ than controls and
primed to respond to challenge by PAMPs and DAMPs. The gene expression data is
partially in keeping with this suggestion, showing up-regulation in both TNFa, and
STAT1. In conflict to this hypothesis however, was my finding that Dexamethasone (an
‘M2¢’ polarising agent, section 1.3.4) increased CD14 expression. Furthermore, two
published studies reported that CD14 was up-regulated following the differentiation of
monocytes to MDMs using the M2-polarising agents IL-4 and M-CSF [197, 308]. In
addition, this hypothesis cannot explain several other findings presented in this chapter
including the down-regulation of ‘inflammatory’ receptors CD64 and CD86 on the cell

surface of IPF MDMs and the blunted production of ROS in response to stimulation.

The reduced expression of ROS by IPF MDMs contrasts with a study that found ROS
generation was higher in IPF alveolar macrophages that were derived from BAL fluid
[310]. The discrepancies in the findings may relate to the different techniques used to
measure ROS, the cell type involved (including the potential for contamination of AMs
by neutrophils and presence of tissue-resident macrophage populations) and the use of
anti-fibrotic treatment by patients in this arm of the study (6 out of the 8 patients were on
treatment). The findings in my work may also relate to the preferential apoptosis of
inflammatory monocytes (CD64"CD163") occurring early on in the process of monocyte
to macrophage differentiation. Monocytes from IPF patients expressed high levels of
CD64, a marker associated with inflammatory and activated cells but a significantly
higher proportion of these cells were noted to be undergoing programmed cell death on
day 1. By day 7, IPF MDMs expressed lower CD64, supporting the hypothesis that the
dominant population of monocyte-derived-macrophages in IPF become skewed towards

a non-inflammatory phenotype.

The gene expression findings reveal a number of interesting and distinct differences
between controls and IPF MDMs but do not enable the categorisation of these cells into
defined populations described in the literature. Polarisation of macrophages towards ‘M2’
by stimulation of receptors such as IL-10R and IL-4R initiates downstream signalling
pathways resulting in the phosphorylation of transcription factors STAT3 and STAT6 and
up-regulation of other molecules such as PPARy and IRF4 that mediate cellular
responses involved in immunomodulatory and reparative activities. They are also
documented to inhibit STAT1 signalling pathways involved in inflammatory responses to
type 1 interferons and PAMPs [216]. As demonstrated in Figure 5-13, whilst the majority

of genes up-regulated in IPF MDMs were those associated with broad ‘M2’ functions,
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increased expression of STAT1 and its major product of activation, TNFa, are somewhat
contradictory and once again highlight the complexity of delineating macrophage
phenotypes. Clearly, the framework of M1 and M2 is inadequate to describe the MDM
characteristics reported here and it is likely that several subpopulations exist in both
groups, complicating interpretation. Assessing the ‘balance’ of M2 and M1 genes may
therefore be a more practical method of predicting the functionality of these cell
populations from phenotypic and gene expression data, and overall IPF MDMs appear
to more closely resemble macrophages involved in the later stages of repair. This stated,
a greater proportion of genes examined in my work were associated with reparative and
immunomodulatory functions and thus broadening the panel of genes associated with
inflammation would be required to confirm this assertion. The genes up-regulated and
down-regulated in IPF MDMs are depicted in the diagram below (Fig 5-19) and can be
compared to those described diagrammatically by Wynn (5-20) to depict macrophages

involved in inflammatory, reparative and resolution responses [126].

M1 M2
*TNFa *LGALS3 IL-4R
(ON©)
[IRT I
O &£
O ///

Up-regulated in | |
IPF MDMs |
Down-regulated |
in IPF MDMs :\\ COX-2

o ~ IL-10

Figure 5-19. Diagrammatic representation of the main genes up-regulated and down-regulated in IPF
MDMs compared to controls.

Asterisk indicates differences with a p-value <0.05, all other genes indicate differences of p <0.12. Fold
change over three housekeeping genes was used (cyclophilin A, R2-microglobulin and 3-actin).
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Figure 5-20. The major macrophage phenotypes associated with inflammatory and
reparative/resolution activities.

Phenotype and function are modulated by external triggers including DAMPs, PAMPs, cytokines and other
soluble factors. Transcription factors, cytosolic and cell surface proteins plus cytokines/chemokines
associated with inflammatory (M1) and reparative/resolution (M2) responses are depicted in this diagram.
Genes significantly up-regulated in IPF MDMs are circled in red/yellow (p<0.05) with trends towards
increased expression circled in blue (p<0.12). Adapted from T Wynn [126].

Over-expression of AREG and LGALS3 by IPF MDMs may be of particular interest.
AREG is an epidermal growth factor receptor ligand that is induced by TGFR and
implicated in tissue repair and lung fibrosis. AREG directly increases fibroblast activation
and proliferation in vitro, whilst in vivo work has found that inhibiting AREG attenuated
fibrosis following bleomycin injury. Of relevance, a study investigating the cellular source
of AREG in bleomycin-treated mice found that it was predominantly expressed by bone-
marrow derived CD11c+ cells. Depleting these cells reduced collagen deposition whilst
adoptive transfer of CD11c+ cells into mice following bleomycin intensified tissue fibrosis
[319, 320]. Whilst CD11c+ defines dendritic cells, they share a common myeloid lineage

with monocyte-derived-macrophages thus raising the possibility that both cell
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populations may potentiate fibrogenesis through high AREG expression. Galectin-3 is
the protein product of LGALSS3. It is R-galactoside-binding protein implicated in diverse
physiological processes, including the development of liver cirrhosis and lung fibrosis in
bleomycin mouse models [321]. A study to investigate its potential role in IPF examined
BAL fluid from participants with fibrotic lung disease including IPF, non-fibrotic lung
diseases and healthy controls. The researchers found a high concentration of the protein
in those with lung fibrosis only and expression of LGALS3 was increased in IPF alveolar
macrophages compared to controls [306]. In vitro work by the same authors
demonstrated that LGALS3 expression was induced by TNFa and TNFa itself was up-
regulated by Galectin-3. | found that TNFa was also more highly expressed in IPF MDMs,
suggesting that a possible autocrine or paracrine feedback loop may be driving the

expression of both.

Monocytes isolated from PBMCs continue to show the characteristic hallmarks of
corticosteroid (CS) exposure following macrophage differentiation a full week after the
dose was last taken by the patient. The haemoglobin-haptoglobin scavenger receptor,
CD163, up-regulated by corticosteroids [196, 220], remains higher in the Prednisolone-
treated group even in MDMs from patients on lower doses of Prednisolone. Interestingly,
the expression of CD68, a marker associated with macrophage differentiation was also
increased, suggesting that Prednisolone may influence macrophage maturation.
Phenotypic differences between AEIPF and those with stable disease on Prednisolone
cannot be identified, suggesting that steroids either ‘mimic’ the phenotype of monocytes
in AEIPF, or far more likely, exert a dominant modulatory influence that supersedes any

subtle changes induced by mediators released during exacerbations of disease.

MDMs differentiated in the presence of Dexamethasone had a distinct morphology and
its administration resulted in up-regulation of M2 receptors CD163 and CD206 alongside
lower expression of the M1 receptor CD64. Interestingly, CD86 did not change
significantly following treatment, questioning its utility as an ‘M1’ marker. Unlike the in
vivo Prednisolone data, CD14 expression was also increased by Dexamethasone, which
may be related to the higher concentration used in these experiments. There thus exists
a partial similarity in the phenotype induced by Dexamethasone in vitro compared to that
observed in vivo from patients on Prednisolone. Prednisolone has a half-life of between
2-4 hours in vivo but the bioactivity of the drug is estimated to be significantly longer
[302]. Thus, it is probable that the MDMs from steroid-treated patients were cultured in

serum still containing the drug (or its bioactive metabolites). Interestingly, research
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investigating gene expression in MDMs following in vitro steroid exposure has identified
the up-regulation of genes also observed in the non-steroid IPF group [205, 322]. These
include the glucocorticoid receptor (GR), PPARYy, IRF4 and CD274, alongside STATS3,

STAT6 and IL-4R genes, which showed an increased trend in expression.

Differences seen in the MDM phenotype of patients not taking steroids may be partially
attributable to the high concentration of M-CSF present in the serum of IPF patients.
Whilst the single dose of recombinant M-CSF given on Day 0 of monocyte culture was
higher than the amount of M-CSF within the serum, it is possible that the additional
contribution of autologous M-CSF was sufficient to skew the differentiation
characteristics of IPF monocytes. Given that M-CSF is produced by a variety of cells,
including monocytes and MDMs, higher production by those from IPF patients may have
resulted in autocrine and paracrine stimulation. M-CSF is thought to ‘prime’ cells towards
an M2 phenotype but depending on the contribution of other soluble factors, may
promote the differentiation of cells with mixed inflammatory and reparative
characteristics [207, 209, 210, 309]. To understand the potential contribution of other
mediators, a comprehensive analysis of the serum looking at a range of cytokines and

chemokines would be required.

This chapter has characterised MDMs from IPF and control participants. In order to do
this, experiments were undertaken to identify and define macrophage populations
according to inflammatory and reparative descriptions. As discussed above, the M1/M2
paradigm is a simplistic framework that can be useful when ascribing defined phenotypic
features to possible in vivo functions. As demonstrated here however, this categorisation
system is often unable to accommodate the complexity and plasticity of macrophages,
which frequently exhibit characteristics of both. Furthermore, in vivo animal models
demonstrate that sustained inflammatory cytokine release can eventually result in fibrotic
endpoints indicating that ‘M1’ responses can lead to ‘M2’ consequences under certain
circumstances. Thus, IPF MDMs evade textbook definition, which is not unexpected and
does not subtract from the key finding of this chapter, which is that monocytes from IPF
patients differentiate into phenotypically and functionally distinct macrophages.
Furthermore, the increased STAT1 and TNFa expression alongside up-regulation of ‘M2’
genes, combined with a decrease in ‘M1’ surface markers and poor ROS generation is
not out of keeping with published findings that show evidence of mixed
reparative/inflammatory responses occurring in IPF. Alveolar macrophages, for

example, have been shown to exhibit phenotypic characteristics of ‘M2’ with high CD206
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and CD163 expression [25, 39, 268] alongside increased expression of inflammatory
cytokines TNFa and IL-1R3, and higher ROS generation [98, 104, 310].

Lineage tracing in mice has revealed that pulmonary fibrosis induced by bleomycin
results in an influx of monocytes that contribute significantly to the lung macrophage
pool. Weeks after injury, these cell populations were phenotypically distinct and depleting
monocytes in the lung through necroptosis ameliorated fibrosis [193]. This study thus
provides evidence that MDMs actively participate in matrix deposition in mouse models
of lung fibrosis. Whilst pathogenic processes in bleomycin-induced injury cannot be
directly extrapolated to IPF, there are likely to be similarities in the mechanisms at play.
In support of this work, studies examining BAL cells found macrophage populations in
IPF patients more closely resembled monocytes in morphology and differentiation
markers [310, 323]. Thus, if monocyte-derived macrophages represent a significant
proportion of the total lung macrophage population in IPF, then the phenotypic changes

between IPF and control MDMs highlighted in this chapter may be of significance.

The reasons for these differences in phenotype are unknown but the findings here
suggest that high serum levels of M-CSF and selective apoptosis of inflammatory
monocytes play a role. Additional soluble factors within the serum of IPF patients may
also be contributing factors. Alternatively (or in addition), recent work has demonstrated
that epigenetic modifications of BM precursor cells can occur following certain stimuli
(such as immunisation with BCG) [270], and it is thus possible that in IPF certain
environmental exposures result in partial pre-programming of monocyte precursors,
which subsequently influences their differentiation profiles. Whilst the conditions used to
generate macrophages in this study are remote from the pathways taken by monocytes
in vivo, the differences seen in MDMs from IPF patients may reflect an increased
propensity to potentiate fibrosis and it is conceivable that the differentiation patterns of
monocytes represent a risk factor for development of lung fibrosis. To determine whether
MDMs from IPF patients differentially influence fibrogenic endpoints is the subject of the

next chapter.
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6 The influence of MDMs on fibrogenic end-points

6.1 Introduction

The previous chapters have highlighted differences in the phenotypic and functional
characteristics of monocytes and MDMs from IPF patients compared with aged-matched
healthy controls. It is unknown however whether the characteristics identified in IPF
MDMs translate to differences in the capacity of these cells to modulate fibrogenic
processes. This chapter therefore explores the influence of MDMs on fibroblast
proliferation and activation, and examines how MDMs may impact on the process of

epithelial-mesenchymal-transition (EMT).

In health, fibroblasts are quiescent with minimal metabolic activity, maintaining the
architecture of the tissue in which they reside. Following injury however, they become
‘activated’, defined by high proliferative ability, a change in morphology from spindle to
stellate shape and secretion of extracellular matrix (ECM) [134]. They also secrete
cytokines such as PDGF, VEGF, TGFRB, HGF, FGF as well as inflammatory mediators
such as IL-6, MCP-1, TNF and IFNy [80, 135, 324]. Activated fibroblasts, termed
myofibroblasts, exert traction forces which contract the edges of a wound together and
are identifiable by the expression of alpha-smooth muscle actin (aSMA) [325]. In normal
wound healing, fibroblasts acquire a reversibly activated phenotype to enable the
formation of granulation tissue through construction of an ECM scaffold and recruitment
of circulating and resident cells that repair and replenish denuded areas. Subsequently,
this tissue is remodelled leading to the restoration of healthy tissue and fibroblasts
undergo apoptosis or reprogramming back to a senescent state. In cases of chronic
injury however, fibroblasts may become irreversibly activated, which can eventually
result in tissue fibrosis. Such fibroblasts have been described as fibrosis-associated
fibroblasts (FAFs) [324, 326]. In cancer, fibroblasts close to the tumour can also acquire
a state of permanent activation resulting in alteration of the surrounding stroma and the
secretion of soluble mediators that can either assist or inhibit local tumour spread and
metastases [324]. Indeed, cancer-associated fibroblasts (CAFs) share many similarities
with fibroblasts associated with fibrogenic responses such as those seen in IPF [324,
327, 328]. Here, fibroblasts demonstrate a pathological phenotype characterised by
uncontrolled proliferation, matrix deposition and increased ability to invade the matrix

[329, 330].
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Figure 6-1. Fibroblast activity during tissue homeostasis and following injury and disease states.
During tissue homeostasis, fibroblasts exist in a senescent state and support the tissue architecture.
Activation of fibroblasts induced by injury, stress and soluble mediators (growth factors, chemokines and
cytokines) can result in the proliferation and activation of fibroblasts into secretory cells with contractile
properties. Activated fibroblasts, termed myofibroblasts (usually identified through aSMA expression),
produce large quantities of ECM alongside soluble factors that assist in further recruitment and activation of
fibroblasts and facilitate the process of chemotaxis (MCP-1, IL-6), angiogenesis (VEGF-A, PDGF) and tissue
remodelling (MMPs and TIMPs). Successful repair is associated with fibroblast apoptosis or reprogramming
back to a quiescent state. Sustained stimulation and chronic injury however can induce epigenetic changes
resulting in permanent activation of fibroblasts with an enhanced secretory profile resulting in excessive
ECM deposition and the development of fibrosis. ECM extracellular matrix; ROS reactive oxygen species;
MMPs metalloproteinases; TIMPs tissue inhibitors of metalloproetinases; aSMA alpha-smooth muscle actin;
VEGFA vascular endothelial growth factor;, PDGF platelet-derived growth factor; MCP-1 monocyte
chemoattractant protein-1; HGF- hepatocyte growth factor, FGF fibrobast growth factor; CTGF connective
tissue derived growth factor; TNF tumour necrosis factor; IFNy interferon gamma; HAS2 hyaluronan
synthase 2.

Abnormalities in apoptotic pathways, Wnt signalling and autophagy are thought to
contribute to the prolonged survival of IPF fibroblasts, whilst epigenetic changes have

been linked to irreversibly activated phenotypes [137, 138, 330, 331]. Aberrant activation
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of fibroblasts is likely to result from a number of causes, not least through stimulation
induced by chronic or repetitive injury [332]. The deposition of stiffened matrix by
fibroblasts was also found to enhance their activation in a positive feedback loop [44],
alongside sustained autocrine and paracrine activation [324]. Factors such as TGFR-1,
PDGF, IL-1B3, IL-6 and IL-13 produced by neighbouring and infiltrating cells such as
macrophages, monocytes and lymphocytes can also contribute to fibroblast activation
[126, 135] (Fig 6-1).

Activated fibroblasts synthesise all components of the extracellular matrix. The ECM is
comprised of structural proteins (collagens), adhesive proteins such as fibronectin which
bind cells to the protein, and ground substance; a gelatinous medium through which cells
can migrate. In the human lung, type | collagen is the most prevalent, with smaller
proportions of type Ill and V present [333, 334] . In health, type VI collagen is restricted
predominantly to the bronchioles and arterioles within the lung but a study looking at its
distribution in cases of pulmonary fibrosis found high expression within areas of scar
formation on biopsy samples [47]. Fibroblasts also assist in the maintenance and
degradation of ECM through the production of matrix degrading enzymes and their
inhibitors (metalloproteinases, or MMPs, and tissue-inhibitors of metalloproteinases,
TIMPS) [135]. In addition to degrading matrix, MMPs cleave cytokines, chemokines and
growth factors into bioactive mediators and dysregulated expression of these enzymes

has been linked to IPF pathogenesis [57].

In IPF, fibroblasts are postulated to derive from three sources. Local recruitment and
proliferation of lung fibroblasts are likely to be the major contributors to the fibroblast
pool, but the process of epithelial-mesenchymal-transition (EMT) may also play a role in
the expansion of fibroblast populations. Studies have demonstrated that epithelial
markers are down-regulated and mesenchymal markers such as fibronectin and aSMA
are expressed in epithelial cells at the sites of active lesions in IPF [92, 142, 335].
Fibroblasts may also be produced by bone marrow derived precursor cells called
fibrocytes, although the contribution that these cells play in the process of fibrogenesis
is debated [87, 336].

Immune cells modulate fibroblast phenotype through release of soluble factors and
macrophages play key roles in the activation and termination of fibroblast responses in
the process of repair [126]. | was therefore interested in determining whether monocyte-

derived macrophages (MDMs) from IPF patients influenced markers of fibroblast
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activation and proliferation, and whether these responses differed from MDMs derived
from age-matched controls. The close association demonstrated between CAFs and
FAFs, and the recognised involvement of macrophages with polarized ‘M2’
characteristics in tumour and fibrosis progression (termed tumour-associated
macrophages or TAMS) [80, 126, 200, 213, 337-340], led me to question whether IPF
MDMs may modulate fibroblasts towards these activated phenotypes. To this end, |
looked at the expression of genes associated with FAFs and CAFs in fibroblasts co-
cultured with IPF and control MDMs. Lastly, | investigated whether MDMs from patients
and controls differentially influenced the process of EMT alongside its regression

(mesenchymal-epithelial transition).

6.2 Hypothesis and aims

| hypothesised that MDMs from IPF patients would potentiate fibrogenic processes by
increasing fibroblast proliferation and/or differentiation and enhance the process of EMT.

To address this hypothesis, | performed the following:

i. Co-cultured primary human lung fibroblasts with MDMs from control and IPF

participants and measured markers of fibroblast proliferation and differentiation.

ii. Examined the expression of genes associated with activated fibroblast
phenotypes following transwell co-culture with MDMs from controls and IPF

patients.

iii. Measured epithelial and mesenchymal markers associated with EMT on a type
Il alveolar epithelial cell line (A549) following co-culture with IPF and control
MDMs. The reversal of EMT, termed mesenchymal-epithelial transition (MET),
was also studied following EMT induction by TGFR and subsequent co-culture

with MDMs from control and IPF patients.
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6.3 Methods
6.3.1 Participant samples

Samples were collected from April 2016 to March 2017. Patient samples were acquired
during specialist ILD clinics. Aged-matched healthy controls were recruited from
orthopaedic pre-assessment clinics or the University. Further details of eligibility and

exclusion criteria are documented in section 2.1.

6.3.2 Generation of human lung fibroblasts

Human lung fibroblasts (ELF) were derived from explanted pneumonectomy samples
(section 2.11.1). Fibroblasts were used at passage 2-7 and cultured in D10 (Table 2-1,
section 2.3.1). Fibroblasts were stained with violet proliferation dye (VPD) (section

2.11.2) and 5x10* were plated onto 12 well plates for each experiment.

6.3.3 Generation of monocyte-derived macrophages

Monocyte derived macrophages were generated as described in section 2.3.5. Briefly,
following positive selection using CD14 microbeads (Miltenyi), cells were cultured on 24
well low-adherence plates in X-vivo (Lonza) and 10% heat-inactivated autologous serum
and 50ng/ml M-CSF (added on day 0 only). Media was replenished on day 4 and MDMs

were used for co-culturing experiments on day 6.

6.3.4 Preparation of A549 cells for use in EMT and MET experiments

The human type Il alveolar epithelial cell line, A549, was used for EMT experiments at
low-passage (4-6). Cells were cultured in R10 (Table 2-1, section 2.3.1). Prior to assays,
A549 cells were stained with the cell tracer VPD (section 2.11.2). For EMT experiments,

1.25x10" cells were seeded into 12 well plates for 72h prior to the addition of MDMs.
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To determine whether MDMs could reverse the process of EMT (i.e. induce MET) after
it had occurred, EMT was first induced in A549 cells by TGFR1. The optimal dose of
TGFR required to induce EMT was determined during optimisation experiments. As the
process of EMT was found to be associated with lower cell proliferation, twice the number
of cells (2.5x10*) were seeded into 12 well plates and cells were cultured for 72h in the
presence of 5ng/ml of TGFR. Morphological appearances of EMT (spindle shaped
morphology of cells and decreased cell-cell contact) were confirmed prior to the addition
of MDMs (section 2.12).

6.3.5 Co-culture experiments

Media from wells containing fibroblasts or A549 cells was replaced with fresh media
containing a lower percentage of FCS (2.5%) due to concerns that soluble factors within
FCS may confound the results (studies have found variable concentrations of growth
factors present in FCS that could potentially influence the process of fibroblast activation
or EMT directly [341, 342]).

2x10° MDMs were used for experiments. The ratio of MDMs to ELF and A549 cells was
based on the population doubling time determined through optimisation experiments
and/or specifications from the supplier (ATCC® for A549 cells). Therefore, for MDM and
fibroblast experiments, a ratio of 4:1 was used; for EMT experiments using highly
proliferative A549 cells a ratio of 16:1 was used; and for MET experiments in which A549
cells showed reduced proliferation, | used a ratio of 8:1. MDMs were added either directly
to the culture wells containing ELF or A549 cells or onto a 0.4um pore transwell insert

(Corning).

Direct fibroblast-MDMs co-cultures were harvested after 72h and A549-MDM assays
after 96h (following optimisation experiments). In transwell experiments, the same time
frame was used but the upper insert containing MDMs was discarded. Trypsin-EDTA
was used to detach the cells, which were then washed in media and transferred to 96

well plates for flourochrome-conjugated antibody staining.
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6.3.6 Flow cytometry, gating strategy and analysis

Surface staining using a flourochrome-conjugated monoclonal antibody (mAb) to HLA-
DR was used to identify MDMs as this receptor was not found to be expressed on A549
cells or ELF. Fibroblasts and A549 cells were pre-labelled with the cell tracer VPD. To
study the effect MDMs have on the process of EMT, a mAb to E-cadherin was used. This
epithelial cellular adhesion molecule is highly expressed on the surface of epithelial cells
but down-regulated during mesenchymal transition [92]. Cells were then fixed and
permeabilised with saponin buffer to enable intracellular staining. A mAb to fibronectin
was then added. This intracellular adhesion protein is expressed predominantly by
fibroblasts but up-regulated in epithelial cells during EMT [92]. To assess the influence
of MDMs on fibroblast activation/differentiation, | used a mAb to aSMA which is
contractile protein expressed by myofibroblasts but not by quiescent fibroblasts [80, 135,
325].

Both MDM-fibroblast and MDM-A549 co-culture experiments were analysed in the same
way. Doublet cells were removed from analysis using FSC-H and FSC-A, and dead cells
were gated out. Fibroblasts and A549 cells were differentiated from MDMs by plotting
VPD against HLA-DR. VPD-positive cells were selected and isotype controls or FMOs

were used to establish the gating of positive cell populations (Fig 6-2).

VPD is a cell tracer that binds covalently to free amines on the surface and inside the
cell and is stable over 8-10 generations. During cell division, daughter cells receive half
the cellular material and thus the concentration of VPD falls proportionately with each
successive generation [343]. VPD in these experiments did not provide a direct measure
of cellular proliferation but was used as a comparative value. By measuring the mean
fluorescent intensity (MFI) of the total population of VPD-treated cells and comparing it
to the control value (fibroblasts/A549 cells cultured without MDMs), it was possible to
determine whether the addition of MDMs increased or decreased proliferation in the
target population (the lower the value, the greater the proliferation). To ensure
consistency and comparability, control wells were included with every experiment and
the ratio of the MFI of VPD from MDM-treated cells was divided by the VPD MFI from

cells cultured alone (the control).
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Figure 6-2. Gating strategy for fibroblast (ELF) analysis following co-culture with MDMs.

From left to right: Singlet gate; exclusion of dead cells; fibroblasts identified following labelling with VPD (cell
tracer) and MDMs immunostained with HLA-DR; Fibroblast gate isolated from analysis with a plot showing
the FMO for aSMA (left bottom) used to determine the positive staining for the test sample (right bottom).

6.3.7 RNA extraction and gPCR

To determine whether MDMs influenced fibroblast gene expression, RNA was extracted
from ELF cells following transwell co-culture. Fibroblasts were seeded onto 12 well
plates and MDMs placed onto an upper 0.4 um transwell insert. After 72 hours, the
inserts and media were removed and 500ul RLT was added to the wells containing
adherent fibroblasts to aid cell disruption. The cell lysate was then removed and frozen
at -80°C for RNA extraction (detailed in section 2.11.2 and 2.9). qPCR using SYBR®
Green was undertaken to examine the expression of genes from fibroblasts cultured in
isolation (n=10) compared to fibroblasts co-cultured with 10 control and 18 IPF MDM
samples. Fold change was calculated using three housekeeping genes, R2
microglobulin, R-actin and cyclophilin A. Details of genes analysed are listed in Table 2-

7 and 2-8 (section 2.10).
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6.4 Results

6.4.1 Participant demographics

Demodraphics Fibroblast EMT
grap Co-cultures studies
IPF Controls IPF Controls IPF Controls
Sample number 16 9 12 9 18 10
% Male 88 56 92 56 83 60
Mean age 74 66 76 66 75 68
(range) 66-836) (57-72) | (62-82) (57-72) (62-83) (52-78)
% Definite diagnosis 56 N/A 50 N/A 44 N/A
% on Anti-fibrotics 50 25 33
Nia?r:?:c?;ib (8) N/A ®) N/A 6) N/A
o . N=4 P=4 N=1 P=2 N=2 P=4
P=Pirfenidone

Table 6-1. Demographics of IPF patients and healthy controls involved in fibroblast and EMT
experiments. N=nintedanib; P=Pirfenidone; N/A — data not applicable to healthy controls.

6.4.2 MDMs decrease aSMA expression in primary lung fibroblasts

Following injury, fibroblasts are activated and transform into myofibroblasts which are
the key effector cells in the process of repair and fibrogenesis. These cells are most
commonly identified by the expression of aSMA, a cytoskeletal contractile protein [344].
Numerous factors induce their differentiation/activation, including cytokines such as
TGFB, TNFa and IL-13 [80], and | was therefore interested in determining whether MDMs
could also influence the differentiation of fibroblasts. To test the hypothesis that IPF
MDMs induce myofibroblast differentiation, | undertook co-culturing experiments using
MDMs from IPF patients and controls and measured the expression of aSMA on

fibroblasts via flow cytometry and immunofluorescence (IF) microscopy.

To ensure that fibroblasts could be differentiated to myofibroblasts during in vitro
experiments, | first cultured primary human lung fibroblasts (ELF) in the presence of
TGFR1 given on day 0, 3 and 5. | found that expression of aSMA on ELF was increased
following 5ng/ml TGFR1 and increased further with 10ng/ml compared to cells not
exposed to TGFR1 (Fig 6-3a). These findings were confirmed on IF which demonstrated
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expression of the cytoskeletal protein in fibroblasts cultured in the presence of TGFR but

minimal expression in unstimulated cells (Fig 6-3b).

To assess the influence of MDMs on aSMA expression, ELF and MDMs were co-cultured
directly for 72h. In contrast to my hypothesis, MDMs from IPF patients (ELF"™) and
controls (ELF"©) resulted in the down-regulation of aSMA compared to ELF cultured
alone (p=0.001 and 0.010 for ELF"F and ELF"° respectively, Fig 6-3c).

To determine whether this phenomenon was related to direct cell contact by MDMs or
due to the release of soluble mediators, the experiment was repeated using a transwell
system of co-culture where fibroblasts were seeded onto the bottom of the well and
MDMs onto the upper insert. Similar trends to the direct co-culture method were
observed although statistically significant differences were not seen in aSMA expression
in fibroblasts cultured alone or with MDMs from IPF patients and controls (p=0.099 and
p=0.102 for ELF'™" and ELF"°respectively Fig 6-3d). To determine whether the reduction
in aSMA expression was proportionate to the number of MDMs present, fibroblasts were
co-cultured with differing ratios of MDMs (1:1, 2:1, 4:1 and 8:1). Increasing the number

of MDMs appeared to be associated with lower expression of aSMA (Fig 6-3e).
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Figure 6-3. The influence of TGFR1 and MDMs on the expression of aSMA by primary human lung
fibroblasts (ELF).

ELF were incubated with 5-10ng/ml TGFR or MDMs for 72 hours. ELF cells were then fixed, permeabilised
and immunostained with a mAb to aSMA for flow cytometric analysis or immunoflouresecence (IF). MDMs
were identified using mAb to HLA-DR and excluded from analyses. ELF cultured alone (ELF"") were included
in every experiment as a control and to standardise the results which are displayed as the ratio of aSMA
MFI in ELF™™HC / ELF™in (c-d). (a) TGFR increased aSMA expression (MFI) in a dose dependent manner
(n=1 for each group). (b) IF images demonstrating high expression of aSMA in TGFR-treated fibroblasts (red
aSMA, blue DAPI). (c) MDMs down-regulated expression of aSMA in ELF following direct co-culture
although differences were not observed between IPF and HC MDMs (ELFIPIE and ELFHC). [Mean ratio of co-
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cultured ELF over ELF™ (SEM): ELF™" 0.72(0.04); ELF"® 0.76(0.06) n=11 and 7]. (d) A statistically
significant decrease in aSMA expression was not seen in ELF"™" or ELF" cultured via a transwell system
compared to ELF™ [ELF™F/ELF™ 0.77(0.07); ELF"®/ELF™ 0.74(0.09), n=5 and 10]. (e) The expression of
aSMA by ELF decreased with increasing concentrations of MDMs in co-culture (nil n=2, 5x10* n=3, 1x10°
n=1, 2x10° n=3, 4x10° n=2). (f) IF image of ELF and MDM co-culture after 72h showing an absence of aSMA
staining (green-MDMs, blue-DAPI, aSMA-red). For (c) and (d) one-way ANOVA used with Tukey’s multiple
comparisons test for statistical analysis.

6.4.3 MDMs increase fibroblast proliferation

Whilst aSMA expression was reduced in fibroblasts following MDM co-culture, | noted a
higher density of fibroblasts when cultured with MDMs compared to those cultured in
isolation (Fig 1-4a). This suggested that MDMs increase fibroblast proliferation and to
explore this further, fibroblasts were labelled with a cell tracer (VPD) prior to co-culture.
This tracer provides an indication of proliferation, with the intensity of its expression (the

MFI) reducing with successive cell divisions.

VPD-labelled fibroblasts (ELF) were incubated in the same well as MDMs for 72h. Using
flow cytometry to distinguish ELF from MDM populations, the expression of VPD (MFI)
was then measured on the isolated ELF population. ELF cultured in the presence of
MDMs showed a significant fall in VPD compared to ELF™ indicating that MDMs
increased fibroblast proliferation (p=0.035 and 0.013 for ELF'™" and ELF", respectively,
Fig 6-4b).

To determine whether this was a direct effect by MDMs or mediated by soluble factors,
the experiment was repeated using a transwell with fibroblasts seeded at the bottom of
the well and MDMs on the upper insert. In this experiment, ELF that had been cultured
with MDMs showed a trend towards lower expression of VPD compared to ELF" but this
was not statistically significant (p=0.053 and 0.452 ELF™" and ELF" vs ELF"™,
respectively, Fig 6-4c). Differences were not seen between ELF cultured with IPF MDMs

and control MDMs in either experiment.
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Figure 6-4. The influence of MDMs on fibroblast proliferation using the cell tracer VPD (violet
proliferation dye) as a comparative measure.

ELF were labelled with VPD then co-cultured with MDMs directly or via a transwell system for 72h. Flow
cytometry was used to identify ELF populations and calculate the intensity of VPD expression using the
mean fluorescence intensity (MFI). ELF™ were included in every experiment as a control and to standardise
the results which are displayed as the ratio of VPD MF1in ELF""¢ / ELF™. (a) Microscopic appearances of
fibroblasts (ELF) cultured in isolation (left) and with IPF MDMs (right). (b) VPD expression was lower in
ELF™ and ELF"® than ELF™ [ratio of VPD MFI of ELF™™° over ELF™ (SEM): ELF"" 0.73(0.06); ELF"®
0.66(0.07) n=14 and 8]. (c) A statistically significant fall in VPD expression was not seen in transwell co-
cultures compared to ELF cultured in isolation [ELF"" 0.79(0.05); ELF™© 0.88(0.08) n=10 and 5]. One-way
ANOVA with Tukey’s multiple comparisons test used for statistical analysis. (d) A histogram of VPD in ELF
cultured alone (blue) and following culture with IPF MDMs (red).
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6.4.4 MDMs induce the expression of fibroblast genes associated with

an activated phenotype

Studies have found that fibroblasts from IPF patients produce more ECM and possess
an invasive phenotype similar to that seen in cancer. In addition, they release higher
concentrations of soluble factors that act in an autocrine and paracrine manner to enable
their sustained activation and survival [135, 138, 328, 330, 334]. Given that MDMs
increased fibroblast proliferation, | hypothesised that they may influence other aspects
of fibroblast biology and was interested in determining whether MDMs induce changes
at the gene expression level. In particular, | wanted to determine whether IPF MDMs
influenced the development of an activated phenotype associated with FAFs and CAFs
(Fig 6-1). Genes reported to be up-regulated in these activated and invasive fibroblast

phenotypes were examined and are listed in Table 6-2.

Following transwell co-culture with MDMs, fibroblasts were harvested and processed for
gPCR. The first sets of genes | examined related to the expression of soluble factors
associated with fibroblast activation. ELF co-cultured with IPF MDMs (ELF'"™F) expressed
higher levels of /L-6 compared to ELF cultured alone (ELF™). A trend towards higher
expression of IL-6 in ELF co-cultured with control MDMs (ELF"°) was also seen but did
not reach statistical significance (Adj-p=0.035 and 0.072 for ELF""" and ELF"° vs ELF™
respectively, Fig 6-5a). Expression of MCP-1 was also higher in ELF"™" and ELF"°
compared to ELF™ (Adj-p=0.013 and 0.004 for ELF"™" and ELF"° vs ELF" respectively,
Fig 6-5b). Conversely, expression of CTGF was down-regulated in ELF™" and ELF"°
compared to ELF™ (Adj-p<0.001 for both ELF"" and ELF"® vs ELF"™, Fig 6-5c).
Expression of other growth factors and cytokines were not significantly different between

groups.

Gene expression of COL1A1, COL3A1, COL5A1 and COL6A1 (coding for pro-collagen
I, I, V and VI respectively) and other extracellular components were examined. ELF'PF
and ELF"® showed increased expression of COL6A7 compared to ELF™ (both p=0.023,
Fig 6-6a). HAS2 which codes for hyaluronan synthase 2, was significantly higher in ELF
co-cultured with both control and IPF MDMs than ELF™ (Adj-p=0.032 and 0.010 for
ELF™ and ELF"C, respectively. Fig 6-6¢].
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The full list of genes analysed and their association with fibrogenesis are tabulated in
Table 6-2.
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Figure 6-5. Gene expression of cytokines, chemokines and growth factors associated with activated
fibroblast phenotypes in fibroblasts cultured alone (ELF™), with IPF MDMs (ELF"") or control MDMs
(ELFHC) for 72 hours via a transwell.

Mean fold change(SEM) illustrated on graphs and quoted below. (a) Gene expression of /L-6 was higher in
ELFF compared to ELF™ [ELF"" 2.71(0.60), ELF"® 2.22(0.34), ELF™ 1.06(0.12); n=7, 7 and 6]. (b)
Expression of the chemokine MCP-1 was increased in ELF™" and ELF™ compared to ELF" [ELFIPF
2.20(0.37), ELF"° 2.13(0.25) ELF™ 1.02(0.05); n=7, 7 and 6]. (c) Expression of CTGF was lower in ELF""
and ELF"° compared to ELF™ [ELF'F 0.65(0.04), ELF"° 0.64(0.04) ELF™ 1.04(0.23); n= 18, 10 and 11]. (d-
f) Expression of growth factors VEGF-A, PDGF-A and HGF did not differ between groups. The mean(SD)

illustrated in the graphs are quoted below. (g-h) IPF and HC MDMs did not influence the expression of
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fibroblast growth factors FGF2 and FGF7. The fold change over three housekeeping genes (CYCLOPHILIN
A, B2-MICROGLOBULIN and B-ACTIN) was used to determine the relative expression of the genes of
interest. One-way ANOVA or Kruskal-Wallis test with Dunn’s multiple comparisons test used for statistical
analysis. Adjusted p-values are fully tabulated in Table 6-2.
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Figure 6-6. The expression of ECM genes and genes associated and activated/invasive fibroblast
phenotypes in fibroblasts cultured alone (ELF™), with IPF MDMs (ELF"') or control MDMs (ELF"°)
for 72 hours via a transwell.

The mean fold change(SEM) illustrated in the graphs are quoted below. (a) Expression of COLL6A1 was
higher in ELF"" and ELF"° compared to ELF™ [ELF"™* 1.60(0.14), ELF"® 1.63(0.17), ELF™ 1.04(0.08); n=12,
8 and 8]. Differences were not seen in the expression of (b) COLL3A1 (c) COLL5A1 or (d) FIBRONECTIN.
(e) Expression of HAS2 was higher in ELF™" and ELF"® compared to ELF™ [ELF"" 1.84(0.21), ELF"©
1.79(0.10), ELF™ 1.06(0.13); n=7, 7 and 6]. (f) CD44 (g) PAI-1 and (h) UPA did not differ significantly
between groups. The fold change over three housekeeping genes (CYCLOPHILIN A, 82-MICROGLOBULIN
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and B-ACTIN) was used to determine the relative expression of the genes of interest. One-way ANOVA or
Kruskal-Wallis test with Dunn’s method for multiple comparisons were used for all stated statistics. Adjusted
p-values are fully tabulated in Table 6-2.

Fibroblast Association with ELF"®Vs | ELF"*Vs | ELF™ Vs
feature Protein transcript fibrogenesis ELFIPF ELFni! ELF"!
(Adj-p) | (Adj-p) (Adj-p)
Growth factors  Joe¥ f';cgt':) f 'ZF'bmb'aS‘ growth - A ngiogenesis 50999 0638 0.395
FGF7 FGF7 - Fibroblast growth Qell growth/ >0.999 0.138 0.520
factor 7 invasion
PDGF-A AVOPE RIEEDRENES e 50999  >0999  >0.999
growth factor alpha
VEGEF - Vascular
VEGF-A endothelial growth factor  Angiogenesis 0.311 >0.999 0.851
alpha
CTGF CIGES Connectivetissie! |5y ool stivation [37] || 0,852 <0.001 <0.001
growth factor
Epithelial and endothelial
HGF HOF - Hepatocyte 9rOWh cel survival, fibroblast 50999  0.989 >0.999
actor .
quiescence [38]
IGF-1 &= = SRS Minimal expression noted
factor-1
Cytokines and . -
N . Fibroblast activation and
chemokines IL-6 IL-6 Interleukin 6 proliferation [39] >0.999 0.072 0.035
MCP1- Monocyte Fibroblast activation
WIS (e chemoattractant protein-1 [40-43] U UU0S DS
TGFR1 Transforming ) -
EEl growth factor beta 1 Aol E e 0996  0.869 >0.999
ECM . .
components COL1A1 Collagentype | a1 chain  Structural protein >0.999 >0.999 >0.999
COL3A1 Collagentype il ai chain Structural protein 50999  >0.999 0322
COL5A1 Collagen type V.l chain Cructural protein 0885 0489 0.709
COL6A1 Collagen type VI a1 chain Structural protem 0.854 0.023 0.023
Increased in IPF lung [19]
FIBRONECTINT  Fibronectin Adhesive ECMprotein g 175 g 19 >0.999
MMP2 MMP2- ECMrremodeling 50999 0718 >0.999
Metalloproteinase 2
MMP9 WP = . EERlSeEl g Minimal expression noted
Metalloproteinase 9
MMP11 MMP1T- ECMremodeling >0999  0.607 >0.999
Metalloproteinase 11
Plasminogen activator =C ez
PAI-1 inhibitortype 1 (inhibits ECM >0.999 0.224 0.273
P degradation) [44]
UPA Urokiqase-type ) ECM remodeling >0.999 0.283 0414
plasminogen activator [44]
TGM2 - Transglutaminase ECM formation >0.999 >0.999 >0.999
TGM2
2 [45]
TIMP1 TIMP-1 Tissue inhibitorof. =y oo deling 50999  >0.999 >0.999
metalloproteinase 1
Invasion S100A4 S100_ calcium binding Tissue invasion >0.999 >0.999 0.745
protein A4
HAS2 Hyaluronan synthase 2  Tissue invasion [9] >0.999 0.001 0.032
CD44 CD44 - Cognate receptor Adhesion molecule, role in >0.999 0.480 0.162

for hyaluronan

tissue invasion [9]

Table 6-2. Genes analysed in primary human fibroblasts (ELF) following transwell co-culture with
IPF and control MDMs (ELFIPF and ELFHC) compared to fibroblasts cultured in isolation (ELF"").
One-way ANOVA or Kruskal-Wallis test with corrections for all multi-wise comparisons were performed using
Dunn’s method. P<0.05 taken to indicate statistical significance. Adj-P= adjusted p-value.
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6.4.5 Optimisation of an A549 cell-based EMT assay

The process of EMT, by which epithelial cells gain characteristics of mesenchymal cells,
has been described in various models of fibrosis and may contribute to the fibroblast
pool in interstitial lung diseases such as IPF [51, 332, 345]. The process of EMT involves
a down-regulation of adhesion molecules such as E-cadherin resulting in loss of cell-cell
contact and apical-basal polarity and up-regulation of markers associated with
mesenchymal cells such as fibronectin, N-cadherin and vimentin. To determine whether
MDMs influence the process of EMT, co-culture experiments using a biologically relevant
cell line (A549) were undertaken. A549 is commonly used to study the process of EMT
[346-348] and derived from type 2 AECs, which is the cell type implicated in the initiation
of IPF

Optimisation experiments on different batches of A549 cells were carried out to ensure
that baseline epithelial markers were present. A549 cells were also stimulated with TGFR
to ensure EMT could be induced in culture. Under light microscopy, TGFR-treated A549
cells demonstrated loss of cell-cell contact and acquired a spindle-shaped appearance
after 72h (Fig 6-7a). This also corresponded to a decrease in E-cadherin expression and
an upregulation of fibronectin (Fig 6-7b-c) suggesting that TGFR-induced EMT had taken
place. Low-passage A549 cells showed high E-cadherin expression and low fibronectin
expression (Fig 6-7b-c) but E-cadherin was down-regulated in high-passage A549 cells
and N-cadherin, a marker of mesenchymal cells, was highly expressed (Fig 6-7d). The
seeding density of A549 cells also affected the expression of E-cadherin, with higher cell
concentrations leading to loss of E-cadherin following 96h in culture (Fig 6-7e). Low-
passage A549 cells were thus used for all experiments and a seeding density that was
not associated with significant loss of E-cadherin was selected for EMT experiments
(1.25x10%).
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Figure 6-7. The morphological appearance and expression of EMT markers in A549 cells cultured in
the absence and presence of TGFR.

Light microscopy images of A549 cells cultured to confluence without TGFR (left) and with 5ng/ml TGFR
after 72h (right). (b) FACs plots showing expression of E-cadherin by low-passage A549 cells following
culture with and without TGFR and a representative histogram (c) FACs plots showing expression of
fibronectin by low-passage A549 cells following culture with and without TGFR and a representative
histogram (red: no TGFR, blue: A549 following TGFR). (d) The expression of E-cadherin and N-cadherin in
high-passage A549 cells (e) The influence of initial seeding density of A549 into 12-well plates cells on E-
cadherin expression following 96h culture.
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6.4.6 MDMs inhibit the loss of E-cadherin on A549 cells

Soluble mediators including TGFRR and TNFa induce the process of EMT [92, 349].
MDMs from IPF patients were found to be phenotypically and functionally distinct from
age-matched controls and the gene expression of TNFa was high in MDMs from IPF
patients. | was therefore interested in determining whether MDMs modify the process of
EMT and if MDMs from IPF patients exert effects that differ from control MDMs. E-
cadherin was used as an epithelial marker whilst fibronectin was selected as a
mesenchymal marker. N-cadherin and aSMA were also used in these experiments but

staining was not seen so the results have not been included in the presentation of data.

To firstly determine the contribution of soluble mediators released by MDMs on A549
cells, a transwell co-culture system was used. E-cadherin, an adhesion molecule that
mediates cell-cell contact, became down-regulated during the process of EMT.
Surprisingly, A549 cells exposed to control and IPF MDMs (A549"° and A549"F) via the
transwell were found to retain expression of this marker following 96h of culture
compared to A549 cells cultured alone which down-regulated E-cadherin (p=0.009 and
0.003 for A549"F and A549"°, respectively, Fig 1-8a). This was not related to an increase
in cellular proliferation by A549 cells cultured without MDMs. VPD, which provides a
marker of proliferation (the MFI decreasing with successive cell divisions) was
significantly lower in A549"F and A549"° cells (p<0.001 and <0.005, respectively, Fig 1-
8c), suggesting that soluble mediators released by MDMs stimulate more rapid
proliferation. Fibronectin expression, a marker of mesenchymal cells, did not change
significantly following transwell culture with MDMs (Fig 6-8b). No differences were seen

between A549"° and A549"F for EMT or proliferative markers.

To next determine whether direct cell-cell contact between MDMs and A549 cells
influenced the expression of EMT markers differently, cells were co-cultured together
within the well for 96 hours. Fibronectin expression did not differ significantly between
groups. Trends towards retained E-cadherin expression were seen in MDM-cultured
A549 cells but statistical differences were not observed (Fig 6-9a-b). VPD expression on
A549 was significantly lower in A549"°F and A549"C indicating that MDMs increase A549
proliferation (p=0.004 and 0.005 for A549"F and A549"C, respectively, Fig 6-9c). No

gHC

differences were observed between A549""" and A549"C cells.
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Figure 6-8. The influence of IPF and control MDMs on E-cadherin and fibronectin expression (MFI) in
A549 cells.

A549 cells were labelled with the cell tracer VPD and then co-cultured with MDMs using a transwell for 96h.
A549 were immunostained for E-cadherin and fibronectin and analysed using flow cytometry. VPD was used
as a comparative indicator of cellular proliferation. A549 cultured in isolation (A549"”) were included in every
experiment as a control and to standardise the results which depict the MFI as a ratio (A549'PF/HC / A549"").
(a) E-cadherin expression on A549 cells co-cultured with IPF MDMs (A549'PF) and healthy control MDMs
(A549"°) was increased in comparison to A549™ [ratio of E-cadherin MFI A549"77C over A549™ (SEM):
A549"F 2.2(0.35) and A549"° 2.2(0.22); n=12 and 12]. (b) Fibronectin expression on A549"" and A549"¢
was similar to A549™. (c) VPD expression on A549"™" and A549"C was lower than A549™ [A549"7F/A549™
0.62(0.04) and A549"°/A549™ 0.66(0.04); n=10 and 8]. (d) FACs plot showing the percentage of A549 cells
expressing E-cadherin following culture in isolation (left) and with MDMs (right). One way ANOVA with
Tukey’s test for multiple comparisons used for (a) and Kruskal-Wallis with Dunn’s method for multiple
comparisons used for (c).
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Figure 6-9. The influence of IPF and control MDMs on E-cadherin and fibronectin expression (MFI) in
A549 cells following direct co-culture.

A549 cells were labelled with the cell tracer VPD and then directly co-cultured with MDMs for 96h. A549
were immunostained for E-cadherin and fibronectin and analysed using flow cytometry. VPD was used as a

nil

comparative indicator of cellular proliferation. A549™ were included in every experiment as a control and to
standardise the results which depict the MFI as a ratio (A549'PF/HC / A549”"). (a) E-cadherin expression did
not differ significantly between MDM-co-cultured A549 cells (A549"" and A549"°) compared to A549™ in
direct co-culture. (b) Fibronectin expression on A549"F and A549"° was similar to A549™ in direct co-culture
(c) VPD expression was significantly lower in A549"F and A549"° compared to A549™ [A549"F/A549™

0.65(0.06) and A549"°/A549™ 0.67(0.07); n=9 and 7]. One way ANOVA with Tukey’s test for multiple
comparisons used for statistical analysis.

6.4.7 MDMs potentiate mesenchymal-epithelial transition (MET) in
A549 cells

To explore the possibility that MDMs from IPF patients may be defective at inhibiting
fibrogenic processes in the context of EMT, MDMs from control and IPF patients were
added to A549 cells that had already undergone EMT to see whether the reversal of this
process could be induced (MET). EMT was induced by TGFR and confirmed by
morphological appearances on microscopy (Fig 6-7a).

A549 cells cultured with TGFR alone showed a decrease in E-cadherin expression, in

keeping with the process of EMT. VPD expression was also higher in A549™ indicating
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that transdifferentiation during EMT is associated with decreased proliferation. To
examine the influence of soluble factors released from MDMs on MET, a transwell
system was used. A549"C showed higher E-cadherin expression compared to A549™
with a similar trend seen in A549"F that did not reach statistical significance (p=0.034
and 0.071 for A549"°/A549™ and A549"°F/A549™ respectively, Fig 6-10a). When the

mean MFI of E-cadherin expression on A549""F and A549°¢

cells pre-exposed to TGFR
was calculated for each experiment and compared to the mean MFI of A549™ not
exposed to TGFR per experiment, expression was similar. This suggests that MDMs
partially reverse the effect of TGFR treatment (Fig 6-10b). Similarly, VPD expression was
decreased in A549"" and A549"¢ cells (p=0.005 and 0.001 for A549""F and A549",
respectively, Fig 6-10c) and the mean MFI for each experiment comparable to A549™
without pretreatment with TGFR (Fig 6-10d). Fibronectin expression was not affected by
MDM exposure (Fig 6-10e). Differences between A549"°F and A549"C cells were not

observed.

Direct co-culture of MDMs with A549 cells pre-treated with TGFR to induce EMT showed
similar results to the transwell experiments with a decrease in VPD expression on A549
cells cultured with MDMs (p=0.001 and <0.008 for A549'"" and A549" respectively, Fig
6-11a). Although there was a trend towards increased E-cadherin expression in MDM-
cultured A549 cells, this was not statistically significant and no differences were seen in
fibronectin expression (Fig 6-11b-c). Differences were not observed between A549"F
and A549"° cells.
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Figure 6-10. The influence of MDMs on mesenchymal-epithelial transition (MET) in A549 cells
following indirect co-culture.

A549 cells were labelled with the cell tracer VPD then treated with TGFR to induce EMT. A549 were
subsequently co-cultured with IPF or control MDMs using a transwell for 96h. A549 cells were
immunostained with mAbs to E-cadherin and fibronectin and analysed using flow cytometry. VPD was used
as a comparative indicator of cellular proliferation. A549™ were included in every experiment as a control
and to standardise the results which depict the MFI| as a ratio (A549'PF’HC /A549"”). (a) E-cadherin expression
was significantly higher in A549"° compared to A549™ [A549""7¢ /A549"(SEM): A549"™ 2.73(0.43) and
A549"° 3 1 0(0.54); n=12 and 9]. (b) MDMs show a trend towards increasing E-cadherin expression in TGFR}
exposed A549 cells. The graph shows the mean MFI of E-cadherin per experiment on A549™ AB49"+TGFR
and A549"C +TGFR and A549"FF+TGFR. (c) VPD expression is reduced in A549""" and A549"° compared to
A549" [A549"°F/A549™ 0.70(0.05) and A549"°/A549™ 0.63(0.05); n=13 and 11]. (d) TGFB-treated A549
cells demonstrate high VPD expression but the addition of MDMs results in a trend towards decreased VPD
expression to levels similar to A549 cultured without TGFR. The graph shows the mean MFI of VPD per
experiment in A549™, A549™+TGFR and A549"° +TGFR and A549""+TGFR. (e) MDMs do not influence
the expression of fibronectin by A549 cells. One way ANOVA with Tukey’s test for multiple comparisons

used for statistical analysis (not applied to b and d).
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Figure 6-11. The influence of MDMs on mesenchymal-epithelial transition (MET) in A549 cells
following direct co-culture.

The expression of VPD, E-cadherin and fibronectin (MFI) was measured in A549 cells pre-treated with TGFR
then co-cultured directly with IPF or control MDMs for 96h. A549™ were included in every experiment as a
control and to standardise the results which depict the MFI as a ratio (A549'PF’HC / A549”"). (a) VPD
expression on A549"" and A549"C was lower than A549™ [ratio of VPD MFI on A549"77"¢/A549™ (SEM):
A549"F 0.77(0.04) and A549"C 0.74(0.03); n=7 and 5]. (b) MDMs did not significantly influence the
expression of E-cadherin or (c) fibronectin in A549 cells. One way ANOVA with Tukey’s test for multiple
comparisons used for statistical analysis.

6.5 Discussion

This chapter has highlighted how MDMs modulate the characteristics of fibroblasts in
culture. MDMs were noted to increase the proliferation of explanted human lung
fibroblasts (ELF), upregulate ELF expression of HAS2, a gene associated with invasive
fibroblast phenotypes, and increase COL6A1 expression, a gene coding for collagen VI
which is present within fibrotic lung lesions [47, 330]. Furthermore, MDMs increased
fibroblast expression of inflammatory mediators /IL-6 and MCP-1. Interestingly, MDMs
simultaneously down-regulated aSMA alongside gene expression of the profibrotic
mediator CTGF, and inhibited the process of EMT in an epithelial cell line. Whilst
differences were not observed between IPF and control MDMs, the findings identified

here may be of relevance given mounting evidence that MDMs replenish resident
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macrophages following lung injury [193]. Expansion of monocyte-derived macrophage
populations within the lung may contribute to the proliferation and sustained activation

of fibroblasts resulting in interstitial fibrosis.

There are several findings presented in this chapter that support the hypothesis that
MDMs potentiate the development of fibrosis-associated fibroblast (FAF) phenotypes.
Firstly, there was a significant increase in fibroblast proliferation in ELF cultured with
MDMs compared to those cultured in isolation. Whilst the transwell experiments did not
reach statistical significance for fibroblast proliferation, the trends observed suggest that
MDMs influence proliferation predominantly through the release of soluble factors.
Secondly, MDMs up-regulated fibroblast expression of HAS2, a gene that encodes
hyaluronan synthase 2, an enzyme involved in the synthesis of hyaluronan (HA). HA is
a glycosaminoglycan that accumulates in fibrotic tissue and its overexpression by cancer
cells has been linked to invasive capacity and metastasis [350-352]. To investigate
whether has2 expression may be linked to FAFs, Li et al. generated transgenic mice that
over-expressed has2 in fibroblasts [330]. Following bleomycin injury, mice developed
severe and sustained lung fibrosis and accumulated HA within the lung interstitium.
Fibroblasts isolated from these mice demonstrated a superior ability to invade through
matrigel; an artificial matrix simulating the basement membrane. Of greater relevance,
fibroblasts from IPF patients also showed marked capacity to invade through matrigel
compared to ELF from healthy tissue. Cells that traversed the matrix were found to highly
express HAS2, and the use of small interfering RNA (siRNA) to knock down the gene
inhibited the capacity of fibroblasts to invade [330]. The observation that macrophages
increase fibroblast proliferation and may enhance invasive capacity has been reported
in a murine model. Using a co-culture system of fibroblasts and peritoneal macrophages
to compare bioactive wound dressings, the investigators found that in the presence of
macrophages, fibroblasts proliferated more rapidly and exhibited greater invasion into
the hydrogel dressing. Analysis of the supernatant revealed elevated levels of IL-6, MCP-
1, GM-CSF, TNFR and IL-13 from co-cultures compared to fibroblasts and macrophages

cultured in isolation [353].

Thirdly, in concordance with the study discussed above [353], the gene expression of
mediators /IL-6 and MCP-1 were increased in fibroblasts cultured with MDMs. In this
setting, if transcription is proportionate to translation, enhanced release of these
inflammatory mediators by fibroblasts may perpetuate fibrosis. IL-6 is important in acute

phase responses but has also been implicated in the development of fibrosis [115, 116].
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In a murine model of peritonitis, recurrent episodes of inflammation induced by a
microbial-derived stimulus resulted in the development of peritoneal fibrosis that was
dependent on IL-6 [354]. The cellular source of IL-6 was not investigated but a study
examining dermal fibroblasts from fibrotic areas in systemic sclerosis patients found
expression of IL-6 was more than 30-fold higher than in fibroblasts from non-affected
areas [119]. Furthermore, IL-6 has been demonstrated to mediate the differentiation of
fibroblasts to myofibroblasts in vitro [355] and blocking the trans signalling pathway of
IL-6 attenuated pulmonary fibrosis in a bleomycin model [100]. In concordance with my
work, a study looking at fibroblast co-culture with human monocytes and a macrophage
cell line also found that mononuclear phagocytes increased fibroblast gene expression
of IL-6. The authors found that IL-6 mediated the upregulation of MMP-1, a
metalloproteinase noted to be increased in IPF lungs [57, 117]. Chapter 3 showed that
control and IPF monocytes highly expressed IL-6 following stimulation by LPS and
unstimulated IPF MDMs on day 7 showed a trend towards higher IL-6 gene expression
(5.4.7 Fig 5-12b). Thus, IL-6 from both fibroblasts and MDMs may potentiate fibroblast

proliferation and activation in an autocrine and paracrine positive feedback loop.

MCP-1 has also been implicated in fibrosis and found to be elevated in the serum, BAL
and alveolar epithelium of IPF patients [246, 309, 356]. One study found that levels of
MCP-1 in BALF correlated with a poor prognosis in patients with the disease [245]. Like
IL-6, MCP-1 is important in both inflammatory and fibrogenic processes. It can increase
fibroblast proliferation, angiogenesis and myofibroblast differentiation [357, 358]. One
study compared the effect of MCP-1 on fibroblasts isolated from IPF lungs with
fibroblasts from non-fibrotic lung samples. The authors found that IPF fibroblasts
demonstrated a ‘fibrogenic’ phenotype at baseline with high gene expression of aSMA,
COL1A1 and COL3A1 alongside increased TGFB1, TGFBR1 AND TGFRR2. IPF
fibroblasts were highly responsive to MCP-1, with expression of the same profibrotic
genes at higher magnitude. In contrast, normal lung fibroblasts were relatively
unresponsive to the chemokine [359]. Thus, the finding that MCP-1 expression by
fibroblasts is induced by MDMs may be of significance in the IPF lung where recruited

MDMs may further augment pro-fibrogenic fibroblast phenotypes.

Lastly, MDMs increased gene expression of COL6A1 by fibroblasts. Type | and Il
collagens are the major collagens present in healthy lung tissue. In this study, MDMs
had no effect on gene expression of COL1A1 or COL3A1. Fibroblast expression of

COL6A1 however was significantly up-regulated by both IPF and control MDMs. The
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protein product of COL6A71, collagen VI, is resistant to degradation by
metalloproteinases and in normal lung is restricted to the walls of the bronchioles and
pulmonary vessels. A study looking at fibrotic lung samples used a combination of in-situ
hybridisation and immunohistochemistry to identify the distribution of collagen VI which
was noted to be highly expressed within areas of active fibrosis and localised to aSMA-
expressing fibroblasts [47]. This supports the hypothesis that MDMs exert a pro-
fibrogenic influence on fibroblasts and high concentrations of monocytes recruited into

the lung may actively enhance fibroblast production of collagen VI.

The results presented here however are not straightforward and contradictions appear
to exist. In particular, aSMA expression, a hallmark of myofibroblast differentiation, was
down-regulated in fibroblasts co-cultured with MDMs. Furthermore, there appeared to
be a ‘dose response’ with higher numbers of MDMs decreasing fibroblast aSMA
expression proportionately. Whilst this could indicate that MDMs exert an inhibitory effect
on fibrogenesis, this may be a misinterpretation due to the influence they had on
proliferation. Following injury, fibroblasts have been demonstrated to assume a
migratory, then proliferative and finally a profibrotic phenotype [50]. A study looking at
early and late fibrotic lesions in lung tissue from IPF patients, found that early fibrotic
change was associated with fibroblast up-regulation of basic fibroblast growth factor and
telomerase, mediators associated with proliferative responses [60]. Late fibrotic lesions
however, with areas of honeycombing present, identified fibroblasts with high aSMA and
low telomerase expression. This suggests that fibroblast proliferation may be important
in the initiation of early fibrotic lesions, with myofibroblast differentiation occurring at a
later stage leading to ECM deposition and maturation of fibrotic tissue [61].
Differentiation to a myofibroblast phenotype was also associated with a reduced
proliferative capacity during in vitro experiments [360]. | carried out fibroblast assays at
72 hours and this time point may reflect a period of fibroblast ‘activation’, indicated by
high proliferation and elevated expression of secretory mediators. Subsequently,
‘activated’ fibroblasts may up-regulate aSMA expression as they differentiate into
myofibroblasts (i.e. activation may precede differentiation). Extended co-culture
experiments may have demonstrated this finding but were not undertaken due to
concerns | had regarding the viability of cells in prolonged culture. MDMs were also
found to decrease the gene expression of a major profibrotic mediator CTGF. CTGF is
a matricellular protein with four binding domains and the ability to modulate multiple

molecular pathways. The exact mechanisms by which CTGF mediates cellular
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processes are incompletely understood but relate to its interaction with other molecules.
CTGF can associate with a range of proteins including growth factors IGF, TGFR and
VEGF, alongside matrix proteins such as fibronectin and heparin sulfate. CTGF can thus
influence a diversity of cellular processes including cellular migration, angiogenesis and
fibroblast activation and differentiation. In my work, MDMs appeared to inhibit CTGF
expression by fibroblasts at 72 hours, possibly providing an additional explanation for

the lower expression of aSMA found in co-cultured fibroblasts.

Low-passage A549 cells from the same stock were used for all assays and initial
experiments demonstrated the presence of baseline epithelial characteristics. Cells
were cuboidal in morphology, expressed high E-cadherin on the cell surface, and did not
express the mesenchymal marker fibronectin. Over a 5-day period, A549 cells cultured
in isolation down-regulated E-cadherin and increased expression of the intracellular
protein fibronectin. High-passage A549 also showed low E-cadherin expression and high
expression of the mesenchymal marker N-cadherin. This suggests that cellular
overcrowding and/or multiple cell divisions alters the phenotypic characteristics of A549
from epithelial to mesenchymal i.e. induces the process of EMT. It is possible that the
oncogenic properties of A549 cells enabled the down-regulation of the cellular adhesion
protein E-cadherin in order to continue proliferating after a monolayer within the culture
well had been established. Thus, increasing the seeding density resulted in earlier
cellular confluence, down-regulation of E-cadherin and subsequent disorganised
overgrowth. MDMs appeared to inhibit the process of EMT in A549 with retention of E-
cadherin following co-culture. Interestingly however, the mechanism by which this
occurred was not related to inhibition of cellular proliferation by MDMs, which was in fact
enhanced, thus indicating that proliferation is not always linked to E-cadherin down-
regulation in A549 cells. Inhibition of EMT by macrophages has been previously noted
in other in vitro studies. A study using the epithelial cell line LA-4 to study EMT found
that the addition of conditioned media from RAW 264.7 macrophages exposed to
apoptotic cells, inhibited TGFR-induced EMT. The authors attributed this finding to the
release of hepatocyte growth factor and prostaglandins E2 and D2 produced by
macrophages in response to a phenotypic switch induced by efferocytosis [361, 362].
Whilst analysis of the supernatant was not undertaken in my work, it is possible that
similar factors induced by the efferocytosis of apoptotic MDMs by viable MDMs resulted
in the inhibition of EMT in co-cultured A549 cells.
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MDMs also appeared to positively influence the process of MET (demonstrated by
increased E-cadherin expression on A549 cells) after EMT was induced by TGFR. A549
cells cultured in the presence of TGFR developed spindle morphology and phenotypic
markers of mesenchymal cells and on microscopy, proliferation appeared to be inhibited,
suggesting that TGFR induced a state of ‘semi-terminal’ differentiation. The addition of
MDMs however partially reversed this, with higher cell numbers observed within the
culture wells and lower VPD expression (indicating higher proliferation) in A549 co-
cultured with MDMs. Explanations for these observations were not explored but the
proliferative capacity of monocytes and macrophages has been long recognised. A study
published in 1977 demonstrated that peritoneal macrophages from guinea pigs induced
neovascularisation in the normally avascular cornea of animals of the same species
[363]. Adoptive transfer of bone marrow-derived macrophages into rats with anti-
glomerular basement membrane disease led to an accumulation of macrophages at the
disease site and mesangial cellular proliferation [364]. Furthermore, an in vitro study
found that macrophages polarised to an ‘M2’ phenotype (using CD163 as a marker)
following exposure to cigarette smoke increased A549 proliferation on co-culture [365].
Smokers in my study were excluded, but it is possible that by day 12, inflammatory (‘M1’)
macrophages had undergone apoptosis resulting in a preponderance of longer lived ‘M2’

cells which released mediators that induced proliferation.

Control and IPF MDMs did not appear to differ in their ability to influence fibrogenic end-
points and it is possible that the co-culture of allogenic cells per se, resulted in modulating
fibroblast responses. However, it also remains plausible that IPF and control MDMs do
exert some differential effects on fibroblast phenotype/EMT but that the experimental
conditions used in my work were too simplistic to detect subtle differences. Monocytes
were cultured in autologous serum and factors within the serum are likely to have
influenced their differentiation characteristics. To study the effect of MDMs on ELF/A549,
co-culture experiments where performed using fresh media containing foetal calf serum,
which, in combination with a relatively large volume of fresh media (1ml), may have
diluted out differences in the production of soluble factors by IPF and control MDMs.
Furthermore, the release of cytokines, growth factors and chemokines from proliferating
fibroblasts and A549 cells may have modulated MDMs and the influences of these
factors superseded the phenotypic changes of MDMs noted on day 7. Lastly, the single
time point chosen to harvest fibroblasts for analysis provided a ‘snapshot’ view that may

have differed during earlier or later time frames.
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Whilst differences in fibrogenic end-points were not observed in the experiments |
performed, MDMs as a collective population significantly increased proliferation and
modulated the phenotype of both fibroblasts and A549 cells. In the context of lung injury,
monocytes infiltrating the lung may differentiate into MDMs that enhance fibroblast
proliferation, activation and invasion. Recent in vivo work supports this assertion. A
radionuclide probe that labelled cysteine cathepsins (proteases present in high
concentration within the lysosomes of monocytes), was injected into mice. Mice were
then subjected to bleomycin and the deposition of the nuclear probe within the tissue
was analysed. Non-invasive imaging revealed that the probe signal within the lungs
increased during the evolution of the fibrotic response. Subsequent histological staining
of lung tissue demonstrated co-localisation of the probe within macrophages, indicating

a monocytic origin. [366].

Monocyte-derived-macrophages within the lung may potentiate fibrogenic processes
regardless of phenotype, but given that IPF MDMs exhibited phenotypic characteristics
distinct from age-matched controls, | hypothesised that functional differences may exist
that affect fibrogenic processes indirectly. In the last chapter | therefore explore
phagocytosis, a key function of macrophages that is essential for the maintenance of

tissue homeostasis and the restoration of healthy tissue after injury.
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7 Phagocytosis and neutrophil efferocytosis by

monocyte-derived macrophages in IPF

7.1 Introduction

Phagocytosis, the process of engulfing and ingesting microorganisms, foreign particles,
cells and their components, is a major function of macrophages, from which their name
is derived (Greek: makros=large phagein=to eat). The consumption of aged and
redundant cells by macrophages (termed efferocytosis) is essential for the maintenance
of tissue homeostasis, controls the inflammatory response, and facilitates the restoration
of healthy tissue following injury [367]. Studies have suggested that macrophages may
even help control the accumulation of collagen within wounds through the phagocytosis

of redundant extracellular material laid down during earlier stages of healing [368, 369].

In previous chapters, | demonstrated that IPF monocytes and MDMs were phenotypically
distinct from age-matched controls. Preferential apoptosis of inflammatory monocytes
was noted and day 7 MDMs showed a reduction in ‘M1’ markers CD64 and CD86, in
conjunction with attenuated ROS generation. The analysis of key genes associated with
inflammatory and reparative macrophages showed that the balance of genes up-
regulated in IPF MDMs favoured repair over inflammation. Phenotypic changes however
did not convincingly translate into differences in fibrogenic endpoints and the effects on
EMT, fibroblast activation and proliferation were similar between control and IPF MDMs.
| therefore questioned whether other aspects of macrophage function differed that could
have pathophysiological relevance. In this chapter, | examined whether the ability of IPF
MDMs to undertake phagocytosis and efferocytosis differed from controls. | reasoned
that defects in these processes may contribute to the cycle of chronic injury that

predisposes to aberrant repair.

The process of efferocytosis by macrophages is thought to be fundamental to limiting
inflammatory responses and initiating tissue repair [370]. Studies have demonstrated
that impaired clearance of inflammatory cells such as neutrophils can result in these cells
undergoing secondary necrosis leading to the release of toxic mediators that may amplify
tissue injury [371, 372]. Following efferocytosis, a phenotypic shift in macrophages
occurs leading to enhanced production of reparative and immunomodulatory cytokines

such as TGFR, IL-10, hepatocyte growth factor (HGF) and vascular endothelial growth
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factor (VEGF) [370]. A study by Fadok et al. showed that uptake of apoptotic cells by
MDMs profoundly inhibited the release of TNFa in response to LPS stimulation whilst
augmenting TGFR production [373]. A further in vivo study found that a single intra-
tracheal injection of apoptotic cells into mice with bleomycin-induced lung injury resulted
in decreased inflammation and attenuation of fibrotic responses. This was associated

with enhanced HGF production by alveolar macrophages [374].

Defective efferocytosis has been observed in a number of lung diseases including
COPD, asthma and cystic fibrosis [375]. In a murine model, efferocytosis was inhibited
by blocking phosphatidylserine (a major ‘eat-me signal’) on the surface of apoptotic cells.
Emphysema subsequently developed which was attributed to the failure of macrophages
to undergo a phenotypic switch. Macrophages isolated from the BALF expressed high
levels of matrix metalloproteinases (MMPs), MMP-2 and MMP-12, enzymes which
degrade interstitial collagen [376]. A small study looking at the efferocytosis of aged
neutrophils by alveolar macrophages found that those isolated from IPF patients had a
lower phagocytic index than AMs isolated from non-fibrotic lung disease patients [237].
There are no published studies to date examining the ability of monocyte-derived-
macrophages to undertake phagocytosis or efferocytosis in patients with fibrotic lung
disease. Given the recent evidence that MDMs are likely to contribute to the lung
macrophage population in the context of pulmonary fibrosis [193], the capacity of MDMs
to perform these processes may have important implications in controlling the extent of
epithelial alveolar cell (AEC) damage that occurs during infection or in the presence of
excessive numbers of inflammatory cells. Defective efferocytosis in MDMs may also
inhibit the functional evolution of these cells from potentiating matrix deposition during
early repair to aiding in the termination of these processes after repair is complete [367,
370-373, 377].

7.2 Hypothesis and aims

| hypothesised that phagocytosis and efferocytosis would be impaired in IPF MDMs in
comparison to aged-matched healthy controls and defects in these processes may

contribute to the pathogenesis of the disease.

To address this | undertook the following:
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i. Investigated whether phagocytosis differed in control and IPF MDMs by

measuring the phagocytic uptake of E. coli bioparticles.

ii. Isolated neutrophils for an assay comparing the ability of MDMs from IPF patients

and controls to undertake efferocytosis.

iii. Compared the expression of key genes associated with efferocytosis and

phagocytosis in control and IPF MDMs.

7.3 Methods

7.3.1 Participant samples

Samples were collected from September 2016 to April 2017. Patient samples were
acquired during specialist ILD clinics or during in-patient stays. Age and sex-matched
healthy volunteers were recruited from orthopaedic pre-assessment clinics or the
University and screened for the presence of co-existent inflammatory conditions and lung

disease. Only non-smokers were included in the study.

Further details including inclusion/exclusion criteria and ethical approval are documented
in Chapter 2.1.

7.3.2 Sample processing

Monocyte derived macrophages were generated as described in section 2.3.5. Briefly,
following positive selection using CD14 microbeads (Miltenyi), cells were cultured on 24
well low-adherence plates in X-vivo (Lonza) and 10% heat-inactivated autologous serum
and 50ng/ml M-CSF (added on day 0 only). Media was replenished on day 4 and MDMs

were used for phagocytosis/efferocytosis experiments on day 7.
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7.3.3 Phagocytosis

Phagocytosis was assessed using two methods (section 2.5.1 for details). Firstly,
carboxylate-modified polystyrene latex yellow-green beads (Sigma) were incubated with
1x10° cells for 2 hours at 37°C. A ratio of 30 beads per cell was selected following
optimisation experiments. Samples were then acquired by flow cytometry and analysed
to assess the proportion of cells that had taken up the beads. Cytochalasin D was used
as a negative control. The pHrodo® assay (Molecular Probes) was also employed to
assess phagocytic ability. Green E. coli bioparticles conjugated to a pH-sensitive
fluorophore were diluted in PBS and incubated with 1x10° MDMs within a 96 well plate
for 30 minutes at 37°C. A viability dye was used to enable the exclusion of non-viable

cells and samples placed on ice and acquired immediately on the LSRII flow cytometer.

7.3.4 Neutrophil isolation
To determine the optimal method of isolating neutrophils, three techniques were tested.

Neutrophil isolation using the Ficoll density method: 10ml of whole blood was mixed
with an equal volume of R10 and layered over 15ml of Lymphoprep™ (Axis-Shield).
Samples were centrifuged at 2000rpm for 20 minutes without a break enabling
separation of the different cellular layers. PBMCs where removed from the upper
interface layer using a Pasteur pipette and discarded. The lower portion of the Ficoll
layer, containing the majority of the neutrophils, was then pipetted out and placed into a
separate Falcon tube. 15ml of red cell lysis buffer was then added for 5 minutes followed
by 25ml of R10. The sample was centrifuged and the supernatant removed. The red cell
lysis buffer step was repeated once more and the cells then counted and suspended in
R10.

Neutrophil positive selection: Neutrophils were isolated according to the
manufacturer’s protocol (Miltenyi Biotec). In brief, 10ml of whole blood was collected and
divided into 2 Falcon tubes. 45ml of red cell lysis buffer was added to each tube for 5
minutes. Tubes were then centrifuged and the supernatant removed. The red cell lysis
buffer step was repeated once more, and cells were then washed in MACs buffer,
counted and resuspended in MACs buffer at a concentration of 107/80pl cells as per the

manufacturer’s protocol. 20ul of anti-CD15 microbeads (Miltenyi Biotec) per 107 cells
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was added to the Falcon tube and incubated for 15 minutes at 4°C. 10ml of MACs buffer
was then added and the tube centrifuged to pellet the cells. Cells were resuspended in
500ul of MACs buffer and passed through an LS column for positive selection. Finally,

cells were counted, washed and suspended in R10.

Neutrophil negative selection: Neutrophils were isolated from whole blood using the
MACSxpress® isolation kit (Miltenyi Biotec). The separation was carried out according
to the manufacturer’s instructions. 8ml of blood was placed into a 15ml Falcon tube and
incubated for 5 minutes with a vial of reconstituted Neutrophil Isolation Cocktail on a tube
rotator running at 12rpm. The isolation cocktail magnetically labels components of whole
blood with the exception of neutrophils. The Falcon tube was then transferred to a
magnet (MACSxpress® Separator) for 15 minutes where the magnetically labelled cells
adhere to the wall of the tube whilst the erythrocytes and platelets aggregate at the
bottom. The supernatant, containing the unlabelled neutrophils, was then transferred to
a new Falcon tube using a Pasteur pipette and red cell lysis buffer was added to remove

any contaminating red cells. Purity of neutrophils was assessed via flow cytometry.

Purity of neutrophils obtained using each method was assessed using flourochrome-
conjugated antibodies to CD3, CD19, CD14, CD16 and CD15.

Negative selection of neutrophils using the MACSxpress® isolation kit was found to be
the best method for isolating neutrophils and used in the experimental protocol (see

section 1.4.2).

7.3.5 Neutrophil preparation

Neutrophils from two healthy donors were used for all efferocytosis experiments.
Following isolation, neutrophils were washed in PBS and stained with the cell tracer Far
Red (Molecular Probes) at a concentration of 1ul/ml for 10 minutes. Cells were then
washed, resuspended in R10, and placed in an incubator at 37°C for 18h prior to use in
the efferocytosis assay. To assess the extent of neutrophil apoptosis, an aliquot of
neutrophils was stained at the time of the assay for Annexin V and 7AAD (Chapter 2.9).
Cells were counted prior to the assay and suspended in R10 in a concentration of
2x10°%ml.
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7.3.6 MDM preparation

Day 6 MDMs were transferred from culture plates to mini Falcon tubes and washed in
PBS. The cell tracer Violet Proliferation Dye (VPD, Molecular Probes), was added to the
cell pellets, after the supernatant was removed, at a concentration of 1uM and cells
resuspended thoroughly to ensure a single cell suspension was achieved. The mini-
Falcon tubes were then placed in a water bath set at 37°C for an incubation period of 10
minutes. R10 was then added to the tubes to quench the dye and cells washed twice in
R10. MDMs were counted using an automated cell counter and suspended in R10 at a

concentration of 10%/ml.

7.3.7 Efferocytosis assay

Flat bottomed 96 well plates were used for the efferocytosis assay and 100ul of cell
solution (10° MDMs) was added to each well. For each participant sample, two wells
were required; one for the test and another to serve as a negative control to facilitate the
gating of the positive population for subsequent flow cytometric analysis. The negative
control was achieved using Cytochalasin D, added at a concentration of 30nM for 30
minutes prior to the addition of neutrophils. Aged neutrophils (between 18-20 hours’ post
venesection) were added to MDMs at a ratio of 2:1. Cells were incubated at 37°C for 2
hours then fixed with stabilising fixative. Cells were acquired via flow cytometry (LSRII).

Figure 7-1 depicts the steps used in this experiment.
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Figure 7-1. Graphical representation of the experimental protocol used for neutrophil efferocytosis
assay.

7.3.8 Gating strategy

Cell populations positive for both tracer dyes were taken to be indicative of neutrophil
efferocytosis by MDMs. Samples pre-treated with cytochalasin D were used to define
the two cell populations and aid in the gating of the double positive population. MDMs
were then gated on to determine the percentage of MDMs taking up neutrophils, as
indicated in Figure 7-2.
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Figure 7-2. Gating strategy used for neutrophil efferocytosis assay.

MDMs were labelled with cell tracer VPD (excitation/emission spectrum equivalent to BV421) and
neutrophils with far red cell tracer (APC equivalent) prior to the assay. From left to right: Cytochalasin D
treated sample was used to define position of cell populations; test sample following incubation of
aged/apoptotic neutrophils with MDMs for 2 hours; the MDM positive population was then gated on to
determine the percentage of MDMs that have taken up neutrophils.
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7.3.9 RNA extraction and gPCR

To complement the phagocytosis data and determine whether the expression of genes
involved in phagocytosis are differentially expressed in patients and controls, RNA was
extracted from 8 IPF MDMs and 6 age-matched controls and qPCR undertaken using
SYBR® green (section 2.9-10). Fold change was calculated using three housekeeping
genes, 32 microglobulin, B-actin and cyclophilin A. The genes analysed are detailed in
section 2.10, Table 2-8 and 2-9).

7.4 Results

7.4.1 Participant demographics

. HRodo®
. N hil p
Demographics Eff::lc::;?/‘t)oslis Monocyte-MDM
Phagocytosis
IPF Controls IPF Controls IPF Controls
Sample number 17 15 6 6 8 6
% Male 88 66 66 66 87 83
Mean age 76 65.6 76.7 72.8 72.2 65.2
(range) (66-85) (57-75) | (69-86)  (57-80) 66-79) (51-71)
% Definite diagnosis 40 N/A 50 N/A 13% NA
% on Anti-fibrotics
(number) 46 (6) 50 (3) 37 (3)
N=Nintedanib |N=2P=4 A | N=2p=1 NA | Nopp= NA
P=Pirfenidone

Table 7-1. Demographic details of IPF patients and controls sampled for the efferocytosis and
phagocytosis assays and the expression of phagocytic genes.
N=nintedanib; P=Pirfenidone; N/A — data not applicable to healthy controls.

7.4.2 MDMs from IPF patients showed evidence of impaired

phagocytosis

Phagocytosis is an essential process in host defence and a major function of
macrophages is to engulf and destroy invading pathogens following tissue injury [378,

379]. Phagocytosis is also important in the maintenance of tissue homeostasis and in
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the lung, macrophages play a role in regulating the turnover of ECM though the
phagocytosis of collagen [367, 377, 380]. To determine whether the ability of MDMs to
undertake the process of phagocytosis differed between IPF and healthy controls, |

undertook two assays.

Phagocytosis by day 7 MDMs was assessed initially by utilising fluorescent latex beads
and examining the proportion of cells positive for beads via flow cytometry. Figure 7-3a
shows the percentage of cells positive for fluorescent beads and there appears to be no
difference in phagocytic ability between patient and control MDMs. Whilst the ratio of
beads to cells and the incubation period were optimised, due to concerns that beads
may be non-specifically binding to the surface of cells, Cytochalasin D was used as a
negative control. This compound inhibits actin cytoskeleton realignment in phagocytic
cells thereby preventing cells from encapsulating and internalising particulate and
cellular matter [381]. The use of cytochalasin D in this assay revealed that a variable and
often high proportion of beads that appeared to have been phagocytosed were stuck on
the surface of cells inhibited with the compound, making meaningful interpretation of

phagocytosis impossible (Fig 7-3c).
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Figure 7-3. Phagocytosis assay utilising fluorescent latex beads and effect of the phagocytosis
inhibitor Cytochalasin D on apparent bead uptake.

(a) The percentage of MDMs positive for beads after a 2-hour incubation period in stable IPF patients
compared to controls. (b) Representative FACs plots demonstrating appearance of control cells (without
beads) on the left and the gating of MDMs taking up the beads (right). (c) Percentage of MDMs appearing
to have internalised beads following Cytochalasin D administration. (d) FACs plots demonstrating the
variability in bead-positive cells after inhibition with Cytochalasin D in two different samples. (Y-G yellow-
green beads; FSC forward scatter).

The pHrodo® assay was thus employed which utilises a pH-sensitive flourochrome that
only emits light within the acidic environment of the lysosome after it has been taken up
by the phagocyte (Fig 7-4a). Inhibiting these cells with Cytochalasin D resulted in an
almost complete absence of fluorescence enabling accurate interpretation of phagocytic
uptake in test samples. The assay demonstrated that the phagocytic ability of MDMs
derived from IPF patients was impaired compared to age-matched healthy controls

(p=0.013. Fig 7-4b).
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Figure 7-4. Phagocytosis using the pHrodo® assay.

Phagocytic ability by IPF and control MDMs was tested using the pHrodo® bioparticles assay. SD(mean)
described here and depicted in graph. (a) Pictorial representation of how bacterial bioparticles conjugated
to a pH-sensitive flourochrome fluoresce at acidic pH such as within the lysosome. Cytochalasin D prevents
phagocytosis by inhibiting realignment of the actin cytoskeleton required for encapsulation of the bioparticle.
(b) Percentage of MDMs taking up E coli bioparticles was decreased in IPF MDMs compared to controls
[%(SD): 37(19) vs 55(18) n=20 and 12, Student t-test]. (c) FACs plots from left to right: Cytochalasin D
resulted in inhibition of phagocytosis; FACs plot of MDMs from an IPF patient and a healthy control

demonstrating decreased phagocytic uptake by IPF MDMs.

7.4.3 Defective phagocytosis in IPF was linked to macrophage

differentiation and not observed in monocytes

Phagocytosis to E coli bioparticles was impaired in IPF MDMs harvested on day 7
compared to MDMs from age-matched controls. In chapter 4 | found that clear
phenotypic differences existed between MDMs from controls and IPF patients, which
were not apparent in monocytes. | was therefore interested in determining whether
functional differences, such as the ability to undertake phagocytosis, was an inherent

defect in IPF monocytes or acquired during the process of monocyte to macrophage
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differentiation. To determine this, the phagocytic ability of monocytes from aged-matched

controls and IPF participants was assessed on day 1, 3 and 7.

Comparison of the phagocytic uptake of E coli bioparticles in 6 IPF and 6 healthy control
monocytes over 7 days did not show significant differences between the two groups,
which may be attributable to the small sample size. However, day 1 IPF monocytes
showed a trend towards enhanced phagocytosis compared to controls (Fig 7-5a).
Interestingly, the process of monocyte to macrophage differentiation appeared to affect
the ability of IPF monocytes to phagocytose and by day 7, MDMs from IPF patients
showed a trend towards decreased phagocytic ability compared to control MDMs (Fig 7-

5b-c).
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Figure 7-5. Phagocytic ability of monocytes from IPF patients and healthy age-matched controls as
they differentiate into macrophages over 7 days.

The pHrodo® assay was used to assess phagocytosis by IPF and control MDMs at different time points
during their differentiation process. MDMs were incubated with E.coli bioparticles, washed, then stained with
viability dye and acquired via flow cytometry. (a) The percentage of monocytes/MDMs positive for
fluorescent E. coli bioparticles (pHRodo) on day 1, 3 and 7. (b-c) The phagocytic ability of monocytes and
MDMs over the three time points in IPF patients (b) and healthy controls (c). IPF n=6 controls=6. p=n.s.
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7.4.4 Neutrophil isolation using negative selection was the preferred
method for the efferocytosis assay

To determine whether efferocytosis was also impaired in IPF MDMs, | assessed the
ability of macrophages to efferocytose aged neutrophils. To undertake this assay, | first
optimised the isolation procedure for neutrophils and three methods were tested as
described in 7.3.4. Table 7-2 documents the purity of the populations obtained, assessed
via flow cytometry looking at the proportion of CD15+CD16+ cells within a panel that
encompassed CD3 (T cells), CD19 (B cells) and CD14 (monocytes).

The highest purity of neutrophils was achieved from positive selection using CD15
microbeads. Due to concerns that the magnetic beads labelling neutrophils may
stimulate the process of efferocytosis and confound the results, the efferocytosis assay
was tested with CD15-bead labelled neutrophils and found to be significantly higher in
both controls and IPF patients compared to other methods (p<0.001, Fig 7-6). This
method was therefore not used subsequently and due to the reasonable purity obtained
using the MACSxpress kit (>96%), this technique was adopted for all the efferocytosis
assays reported in this study. Figure 7.7 illustrates the gating strategy used to assess

the purity of neutrophil following negative selection.

Neutrophil isolation method Pz,}:)ty m

Ficoll density method 88 Low purity
Beads on neutrophils may
Positive selection (CD15 microbeads) 99.6 stimulate phagocytic
pathways
Negative selection (MACSxpress® kit) 96.4 --

Table 7-2. Neutrophil purity and issues with three different methods of isolation.
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Figure 7-7. FACs plots demonstrating the purity of the neutrophils following isolation using the
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MACSxpress® neutrophil isolation kit.

Left: SSC/FSC plot of blood post red-cell lysis to show the relative proportion of neutrophils (large circle)
and mononuclear cells (oval) which were then gated on to determine the proportion of T cells (CD3),
monocytes (CD14) and B cells (CD19 — not shown). Right: post negative selection, the same gating strategy
is used and the proportion of remaining T cells and monocytes of the total cell population is less than 4%

(Table 7-2).
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Figure 7-6. The percentage of MDMs
participating in efferocytosis using
neutrophils isolated with CD15 microbeads
(positive selection) compared to those isolated
with the MACSxpress® kit (negative selection).
MDMs involved in efferocytosis were calculated by
measuring the proportion of MDMs positive for the
Far-Red cell tracer used to label neutrophils.
Cumulative data is shown which includes both
controls and IPF patients in both groups. Positive
selection n=6, negative selection n=26.
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avv.

Annexin V —_

Figure 7-8. The proportion of neutrophils that had undergone cell death or were in the process
of apoptosis 18h post isolation was assessed via flow cytometry.

The FACs plot shows the percentage of cells in apoptosis (indicated by positive staining for annexin
V+/-TAAD).

7.4.5 Efferocytosis was impaired in MDMs from IPF patients

The removal of aged and dying cells through phagocytosis (efferocytosis) by
macrophages is essential for maintaining tissue homeostasis. Phagocytosis was found
to be reduced in IPF MDMs and | therefore questioned whether efferocytosis of aged
neutrophils by IPF monocyte-derived macrophages would also be impaired compared to

age-matched healthy controls.

Figure 7-8 shows the proportion of neutrophils staining positive for annexin V and 7AAD
and indicated that the majority of neutrophils used for the assays were in the process of
apoptosis or had undergone cell death (60-70% on each occasion). MDMs were labelled
with VPD and the percentage of these cells engaged in efferocytosis was determined by
measuring the proportion of MDMs that stained dual-positive for the far-red cell tracer
dye used to label neutrophils following isolation (Fig 7-2 for gating strategy). MDMs from
IPF patients had reduced ability to efferocytose aged neutrophils compared to controls
(p=0.031, Fig 7-9).
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Figure 7-9. The proportion of MDMs phagocytosing neutrophils in IPF and age-matched controls.
Left: Neutrophils were labelled with far red cell tracer and efferocytosis was measured by calculating the
percentage of MDMs positive for the cell tracer. Mean(SD) descried here and illustrated on the graph. A
lower percentage of IPF MDMs participated in efferocytosis compared to control MDMs [36.8%(12.6) vs
51.4%(19.3) n= 13 for both groups, Student t-test]. Right: Immunofluorescence image of MDMs (grey) and
neutrophils (red) taken during the efferocytosis assay.

7.4.6 The expression of genes involved in phagocytosis was
decreased in IPF MDMs

| found that both efferocytosis and phagocytosis were impaired in IPF MDMs compared
to aged-matched controls. The engulfment of cellular and particulate matter is mediated
by binding to specific scavenger receptors. Scavenger receptors represent a diverse
group of transmembrane and soluble receptors that recognise a wide range of ligands
including modified self-proteins and conserved motifs on microbial structures [344].
CD36, MSR1, MARCO and MerTK have been identified as key receptors in the uptake
of apoptotic cells and pathogen-associated-molecular patterns (PAMPs). Studies
inhibiting the activity of CD36 and MerTK resulted in an accumulation of apoptotic cells
and the development of autoimmune pathology [382, 383]. MARCO and macrophage
scavenger receptor-1 (MSR1 or SR-A1) are type A scavenger receptors that function as
pattern recognition receptors (PRR) involved in the uptake and internalisation of bacteria
and DAMPs. In the airways, these receptors are involved in clearance of airborne
pathogens and inhaled particulates [384, 385]. Given the reduced phagocytic and
efferocytic ability of IPF MDMs, | was interested in determining whether this may be

linked to reductions in the expression of scavenger receptors that mediate this process.
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There was lower gene expression of the scavenger receptor MSR1 (p=0.001, Fig 7-10a).
Significant differences in the expression of MARCO, CD36 and MERTK were not
observed although there was a trend towards lower expression of CD36 and MERTK by
IPF MDMs (p=0.108 and p=0.196, Fig 7-10c-d respectively).
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Figure 7-10. The gene expression of key scavenger receptors and MERTK in IPF and control MDMs.
Monocytes from IPF and control participants were cultured for 7 days in autologous serum and then
processed for gPCR to determine the expression of genes involved in phagocytic pathways. The fold change
over three housekeeping genes (CYCLOPHILIN A, B2-MICROGLOBULIN and B-ACTIN) was used to
determine the relative expression of the genes of interest. For normally distributed data, mean(SEM) are
depicted in graphs. For non-parametric data, the median and interquartile range are shown. (a) The
expression of MSR1 was significantly lower in IPF MDMs compared to controls [0.06(0.08) vs 1.98(2.26),
Student t-test] (b) Expression of MARCO did not differ between IPF and control MDMs [0.68(0.60-0.84) vs
1.04(0.83-1.36); p=0.414, Mann-Whitney test]. (c) cd36 showed a non-significant trend towards lower
expression in IPF MDMs compared to control MDMs [0.78(0.19-1.82) vs 0.97(0.31-3.34); p=0.108, Mann-
Whitney test]. (d) MERKT expression was not significantly different between IPF and control MDMs
[0.76(0.17) vs 1.27(0.37); p=0.196, Student t-test]. p<0.05 taken to indicate statistical significance. IPF
MDMs n=8 and control MDMs n=6.
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7.5 Discussion

In this chapter | found that both phagocytosis and efferocytosis were impaired in day 7
MDMs derived from IPF patients, in comparison to MDMs from age-matched healthy
controls. If these defects reflect in vivo functionality, the consequences may be of
pathological significance and contribute to the development and progression of lung

fibrosis.

Phagocytosis of invading pathogens by lung macrophages is an essential process in
counteracting systemic infection and characterises the innate response during the early
stages of microbial encounter [229]. Animal models of lung fibrosis have demonstrated
that monocyte-derived-macrophages contribute substantially to the lung macrophage
pool [193, 269]. Therefore, the finding that IPF MDMs exhibit defective phagocytosis of
E coli bioparticles may reflect impaired ability of MDMs to clear pathogenic organisms
within the IPF lung. Furthermore, chronic tissue damage combined with treatments that
suppress immune function in IPF may predispose to the presence of pathogenic and
opportunistic species causing subclinical or recurrent infection. Whilst a causal
relationship between infection and disease pathogenesis has not been established,
viruses and bacteria within the lower respiratory tract can cause alveolar epithelial cell
injury, which may indirectly trigger or perpetuate profibrotic pathways [386]. Indeed,
studies have found evidence of viruses in a high proportion of lung biopsies obtained
from IPF patients [387-389]. More relevant to the findings here, a study by Molyneux et
al. reported an elevated bacterial burden within BALF from IPF patients, which was found
to correlate inversely with functional vital capacity (FVC) and increased risk of mortality
[63]. Another study isolated Pneumocystis jerovecii (an opportunistic fungus that can
cause severe pneumonia in immunocompromised patients) from 38% patients with IPF
[390]. The initial host response to this fungus is mediated by alveolar macrophages
through recognition of pathogen-associated molecular patterns (PAMPs) by pattern
recognition receptors (PRRs), including toll-like receptors (TLR) 4 and 2 [391, 392]. The
binding of fungal components triggers activation of the cell, leading to phagocytosis and
the release of pro-inflammatory cytokines. Intracellular killing is then mediated
predominantly through the generation of reactive oxygen species [393], which in addition
to phagocytosis, was found to be attenuated in IPF MDMs (5.4.8). These findings could
thus partly explain the increased incidence of infectious organisms identified in patients
with IPF.
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As highlighted previously, phagocytosis in this chapter was assessed using E coli
bioparticles. These particles contain lipopolysaccharide, a PAMP that stimulates
phagocytosis through activation of TLR4 [256]. Numerous scavenger receptors and
PRRs exist which recognise specific molecular motifs on damage-associated molecular
patterns and PAMPs [344], and thus the phagocytic defect to E coli bioparticles by IPF
MDMs may not extend to other substrates. Investigating whether IPF MDMs exhibit a
more global defect in phagocytosis however may be of relevance as regulation of
collagen turnover has been demonstrated to be partly mediated by macrophages
through small-particle phagocytosis (termed endocytosis) [367, 380]. In a study
investigating the cellular uptake of collagen, mice engineered to express GFP within
macrophages were given intradermal injections of fluorescent type | collagen.
Immunofluorescence imaging subsequently revealed that the majority of macrophages
had internalised this collagen into lysosomal components after 24 hours [377]. Thus, a
reduction in collagen turnover due to defects in its removal through phagocytosis may

contribute to the gradual accumulation of collagen-rich matrix seen in IPF.

In the same study, the authors reported that ‘M2’ macrophages were the predominant
population involved in collagen endocytosis supporting the theory that these
macrophage populations are superior at phagocytosis. In chapter 5, | found the M1/M2
polarisation system inadequate to define healthy control and IPF MDMs, but assessing
the characteristics of these cells together (as determined through the combined analysis
of gene expression, cell surface receptor expression and ROS generation), there
appeared to be an overall balance of features suggestive of a reparative rather than an
inflammatory phenotype. Thus, the phagocytosis findings presented here were perhaps
out of keeping with the phenotypic findings. | therefore questioned whether this may be
related to the cellular characteristics present in IPF MDMs at the specific time point the
assay was undertaken (on day 7). To explore this, and to establish whether monocytes
from IPF patients also showed defective phagocytosis, the experiment was repeated at
two different time points during monocyte-macrophage differentiation. Interestingly,
monocytes from IPF patients followed an opposite trend to that observed in controls. Day
1 monocytes exhibited high phagocytic ability but by day 7, this capacity had reduced.
In contrast, phagocytosis increased during the course of monocyte-macrophage
differentiation in healthy controls. One explanation for this finding is the differential
apoptosis of specific monocyte populations that occurred during the in vitro differentiation

of IPF monocytes (5.4.6). A high proportion of CD64"CD163" monocytes underwent
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apoptosis in IPF patients suggesting that cells with enhanced phagocytic capacity may
lack longevity in the IPF population. Another possibility is that highly phagocytic
monocytes from IPF patients efferocytose other monocytes undergoing apoptosis whilst
in culture. By day 7, the phenotype and function of these cells may be altered by this
process and in their ‘post phagocytic’ state lose the ability to undertake further
efferocytosis as efficiently. Whilst the experiment would need to be repeated at different
time intervals with apoptotic cells, this could partially explain the phenotypic differences

found between control and IPF MDMs.

Cells isolated through bronchoalveolar lavage reflect the cellular milieu within the
alveolar space and smaller bronchi [394]. The preponderance of neutrophils within the
BALF of IPF patients is a well-recognised finding and has been attributed to increased
levels of neutrophil chemoattractants that are present within the lavage fluid of IPF
patients [368, 369]. In one study, alveolar macrophages themselves were found to
express high levels of the cytokine IL-8, which stimulates the chemotaxis and activation
of neutrophils [395]. An additional explanation for their predominance may be that
neutrophils persist within the alveoli due to defective efferocytosis by macrophages.
Indeed, the impaired efferocytosis by MDMs demonstrated in this chapter consolidates
the work undertaken by Morimoto et al. who showed that efferocytosis by AMs from 8
IPF patients was decreased, alongside a proportionate increase in the numbers of
apoptotic bodies counted [254]. Thus, whilst the reduction in efferocytosis by IPF MDMs
was modest compared to controls, a collective defect in this function may have far
reaching consequences if excessive numbers of neutrophils enter the lung and exceed

the efferocytic capacity of macrophages.

Impaired neutrophil efferocytosis may potentiate fibrogenesis by more than one
mechanism. Decreased capacity to clear excess numbers of aging neutrophils can result
in the process of secondary necrosis, leading to the release of toxic mediators by dying
neutrophils. This may exacerbate alveolar epithelial cell injury [371, 372, 375].
Neutrophils may also directly promote fibrosis and a recent study has demonstrated that
a serine protease derived from neutrophils induces both fibroblast proliferation and
myofibroblast differentiation in a TGFR-independent manner [396]. As highlighted in the
introduction, it has been found that the process of efferocytosis itself may limit the
inflammatory response and enhance resolution of repair, by inducing a phenotypic switch

in macrophages that alters the cytokine/chemokine repertoire [373, 397]. Impaired
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efferocytosis may therefore reduce the capacity of IPF MDMs to inhibit inflammatory

pathways that perpetuate tissue damage.

It can be hypothesised that the time point that efferocytosis occurs during macrophage
differentiation and maturation may determine the subsequent role the cell plays in the
process of wound repair and other pathological states. Inhibiting early efferocytosis in
murine macrophages, for example, resulted in the persistence of an inflammatory
phenotype and the development of emphysema [376]. Efferocytosis by MDMs that have
entered the tissue after the initial repair phase following injury upregulate genes that
inhibit further inflammation and promote matrix deposition [373]. Conversely, ‘mature’
MDMs that efferocytose dying cells during the later phases of healing may differentiate
into ‘pro-resolution’ cells that secrete factors to terminate the repair process. It is
conceivable that decreased efferocytic capacity by IPF MDMs that already display
reparative characteristics may thus inhibit further differentiation to a ‘pro-resolution’

phenotype and predispose to fibrosis.

Over recent years, a large and diverse range of phagocytic scavenger receptors have
been identified that serve to identify and clear cellular and particulate matter [344]. It is
of interest therefore that of the four studied here all show a lower trend in expression by
MDMs from IPF patients. Whilst statistical significance was seen only for MSR-1 this
may be due to the low numbers analysed. MSR-1 does not bind ligands directly but
instead forms a complex with other receptors to initiate phagocytic pathways [344]. In
particular, it couples with the tyrosine protein kinase MERTK to form a functional complex
that enables apoptotic cell uptake and promotes resolution of inflammation [398]. It could
also potentiate pro-inflammatory processes depending on the co-receptor involved. For
example, it can form a complex with TLR4 in the presence of LPS and mediate uptake
of gram negative bacteria [344]. The decreased expression of this receptor can thus
explain the reduced uptake of both neutrophils and E coli bioparticles observed in IPF
MDMs. Indeed, a mouse study showed that increasing surface expression of MSR-1
alongside MERTK on macrophages increased apoptotic cell clearance [383].
Interestingly, mice lacking this receptor who were exposed to a hepatotrophic virus
infection developed a greater inflammatory infiltrate followed by evidence of liver fibrosis
[399].
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This chapter has demonstrated that day 7 MDMs from IPF patients have reduced
capacity to perform both phagocytosis and efferocytosis. Whether IPF macrophages
derived from monocytes exhibit similar characteristics within the lung is unknown but the
potential mechanisms by which impaired efferocytosis could potentiate the
pathophysiology of IPF are illustrated in the diagram below (Fig 7.11).
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Figure 7-11. Mechanisms by which impaired efferocytosis could potentiate the pathophysiology of
IPF.

Defective neutrophil clearance due to impaired efferocytosis by monocyte-derived macrophages (MDMs)
may result in neutrophils undergoing secondary necrosis leading to the release of toxic mediators including
ROS, proteases and cytokines/chemokines that promote AEC damage and potentiate fibrogenic pathways.

Impaired efferocytosis may also prevent the differentiation of macrophages to an anti-inflammatory/pro-
resolution phenotype.
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8 Final discussion and future direction

8.1 Final discussion

The aim of this project was to characterise the phenotype of monocytes in patients with
IPF based on the hypothesis that these cells contribute to the process of fibrotic over-
repair in the lung. It has long been established that macrophages play important roles in
inflammation and repair but the notion that monocytes and monocyte-derived-
macrophages (MDMs) may drive fibrotic responses after injury follows the fairly recent
understanding that macrophage populations differ significantly in health and disease.
Research has revealed that the contribution of MDMs to the lung macrophage pool
increases following injury and there is evidence that depending on the phase of repair,
the phenotype and functionality of these infiltrating cells changes to direct the process
accordingly [25, 126, 192, 235]. Monocytes and their macrophage derivatives may
promote inflammation, fibrogenesis or healing resolution responses, depending on the
environmental milieu and possibly pre-programmed characteristics acquired during BM
development [182, 270]. | thus hypothesised that differences in the phenotype of
monocytes may impact on the function of these cells within the lung and potentiate the

process of fibrosis.

To test this, | first studied the phenotype of monocytes freshly isolated from the blood.
The most common method of subdividing monocyte populations into classical,
intermediate and non-classical subtypes did not reveal differences between controls and
IPF patients, but expression of receptors more commonly associated with macrophage
phenotypes revealed a significant increase in CD64 expression in IPF monocytes. This
FcyR receptor is associated with activated and inflammatory monocyte functions
including antibody-dependent cell-mediated cytotoxicity, phagocytosis and enhanced
antigen presentation [220, 251, 253, 275]. Monocytes highly expressing CD64 are
therefore likely to represent a particularly pro-inflammatory subgroup, of which a higher
proportion exist in IPF. The preferential apoptosis of these CD64+CD163- monocytes in
IPF after 24 hours suggests that these cells may represent a population of shorter lived
monocytes that were not primed to differentiate into MDMs. Indeed, it has been revealed
that monocytes are far more complex and heterogeneous than previously recognised.
They may differentiate into MDMs or dendritic cells, but some remain as monocytes for
their lifespan with evidence that they can traverse the endothelium to survey tissue and
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present antigen to cognate T cells [400]. CD64+CD163- monocytes may potentiate
tissue damage within the lung without residing in the interstitium, providing a possible
explanation for the paucity of inflammatory cells around fibroblastic foci. The activity of
these ‘pro-inflammatory’ CD64+CD163- monocytes was not explored in this project but
high CD64 expression has been correlated with clinical markers of disease activity in
SLE and rheumatoid arthritis. Indeed, the binding of immune complexes to CD64/FcyR1
on monocytes within the kidney triggers an inflammatory response that is considered
critical in the pathogenesis of lupus nephritis [160, 250, 253]. Although this is unlikely to
be the mechanism in IPF, given that CD64 expression was significantly elevated in
monocytes from treatment-naive patients only, it is probable that anti-fibrotic therapy
perturbs pathways involved in monocyte activation, and by doing so, reduces their
fibrogenic potential. Of interest, a study by Li ef al. (2009) showed that CD64+ monocytes
exhibited greater chemotaxis in response to MCP-1 [251]. MCP-1 levels are elevated in
the BALF of IPF patients [245, 246] and thus it is plausible that CD64+CD163-

monocytes may preferentially traffic to the lung and potentiate tissue damage.

In this project, MCP-1 was found to be highly expressed by monocytes in response to
the viral PAMP, r848. Whilst not specific to IPF monocytes, this finding could be of
significance given evidence that microbes may act as cofactors for disease development
and progression [63, 64, 387, 389, 401, 402]. Viral infection within the lung may stimulate
monocytes and macrophages within the locality to release MCP-1 resulting in the
migration of monocytes in high numbers. Monocyte chemotaxis to the lung in response
to infection enables the effective clearance of pathogens through phagocytosis and
release of inflammatory mediators including ROS. In health, the subsequent apoptosis
and clearance of these monocytes facilitates successful tissue resolution but in IPF,
where an aberrant healing response has already been established, continual monocyte
infiltration may occur and serve to enhance the fibrotic cascade further. Indeed, mouse
models of non-resolving lung injury demonstrate the presence of an expanded MDM pool

that is associated with tissue destruction and fibrosis [192].

The expression of genes by monocytes was found to differ between stable IPF and
controls. CD14, CD163 and FGL2 were reduced in IPF monocytes with trends towards
lower TNFa and TGFR1 expression alongside higher IL-10. Whilst this differential gene
expression is likely to impact on monocyte behaviour, the up-regulated and down-
regulated genes did not concur with the current concept of monocyte/macrophage

phenotypes, which are based primarily on in vitro studies. The trend towards higher /L-
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10 and lower TNFa are suggestive of an immunomodulatory phenotype but the
decreased expression of CD14, CD163 and FGL2, do not fit with this phenotype [196,
197, 199, 220, 227]. Furthermore, CD14 protein was expressed more intensely on the
cell surface of IPF monocytes and CD163 did not differ significantly between stable IPF
and controls, demonstrating that gene transcription does not always correlate with
translational changes (assuming that technical issues were not contributing factors).
Thus, interpreting the significance and relevance of these findings is difficult.
Retrospectively, the complicated phenotype of IPF monocytes is unsurprising given the
complex pathological processes occurring, in which monocytes are likely to be subjected

to an array of stimuli that modulates their differentiation and functional characteristics.

Despite the difficulty in classifying IPF monocytes into predefined phenotypic categories,
the differential expression of protein receptors and genes is likely to be of relevance
given the established roles that these cells play in injury and repair. The observation that
IPF was associated with higher proportions of circulating monocytes and that levels
correlated with fibrotic burden on CT also supports the hypothesis that these cells
influence disease processes. Furthermore, the absence of correlation with radiological
features that do not support a diagnosis of UIP (i.e. ground glass or consolidative
change) suggests that monocytes are associated with fibrosis specifically, rather than a
range of pathological processes. In concordance with this was a small human study that
utilised a radiolabelled probe, which was preferentially taken up by monocytes. The
authors then used positron-emission tomography (PET)/CT imaging to identify the
location of the probe and found high uptake in the lungs of IPF patients that was not seen

in either controls or patients with other forms of lung fibrosis [366].

There is evidence that the clinical manifestations of acute exacerbations of IPF are the
result of an acceleration of the underlying disease process. It is probable that these
events are triggered by a variety of external factors, of which infection is the most
common [8, 15, 24, 64, 403, 404]. In this project, | studied the characteristics of 10
patients with AEIPF. | found that low baseline CPI, FVC and TLCO were more commonly
seen in patients who had AE, consistent with the risk factors identified in other studies
[248, 403]. In this project, | also noted that patients with AEIPF had a greater extent of
lung fibrosis when graded on CT, reinforcing the notion that disease severity itself is a
risk factor for the development of these events. To explore the hypothesis that
monocytes in IPF are detrimental and possess an immunophenotype that potentiates

fibrogenic activity, | was interested in determining whether perturbations in monocyte
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phenotype were exaggerated further during AE events. In support of this, | found that
AEIPF patients had higher circulating monocyte levels than stable patients. Monocytes
expressed CD163 more highly on their cell surface and genes associated with an ‘M2’
or reparative/immunomodulatory phenotype were up-regulated (/L-10, IL-R2, CD163
and THSB1). Whilst these findings fitted well with the hypothesis that IPF monocytes are
skewed towards a wound-healing phenotype, all patients sampled were concurrently
receiving high dose corticosteroids as a therapeutic intervention. Steroids are recognised
to polarise monocytes towards an ‘M2’ phenotype [199, 205, 383] and it was thus
impossible to disentangle the drug effect from innate changes in monocytes induced in
AEs. It may be of relevance, however, that the immunophenotype of monocytes exposed
to steroids remained distinct (indicated by the high CD163 expression) following
macrophage differentiation in culture over 7 days. Given that the phenotypic
characteristics of these ‘M2’ MDMs are associated with the promotion of ECM deposition
in the literature, it is possible that steroid administration may potentiate rather than inhibit
the fibrogenic activity of monocytes in AEIPF [196, 199, 205].

Animal studies provide evidence that interstitial macrophages are replenished
predominantly by monocytes following injury, and elicit inflammatory and fibrogenic
cytokine responses not mounted by alveolar macrophages [170, 190, 191, 193, 269,
405]. Thus, to characterise monocytes further and study their potential influence on
fibrogenic processes, | positively selected monocytes and differentiated them into
macrophages using autologous serum. Whilst ex vivo culture could not simulate in vivo
differentiation, | reasoned that analysing the phenotype and function of MDMs remained
relevant because IPF is a lung-specific rather than a systemic disease. Therefore, the
influences exerted by monocytes are most likely to be greatest following extravasation
and differentiation into macrophages. Furthermore, given that the majority of monocytes
have a relatively short lifespan [164], studying viable cells after the majority have
undergone apoptosis may identify the populations predestined to enter the lung and

mature into macrophages.

When the phenotypic characteristics of day 7 MDMs were analysed, those derived from
IPF patients were found to differ considerably from controls. Firstly, the expression of the
monocyte marker CD14 remained high whilst the macrophage scavenger receptor CD68
was reduced in IPF MDMs. Whilst the morphological changes associated with monocyte
to macrophage differentiation did not differ between the groups, these results could

indicate that a proportion of the IPF monocytes (which showed lower CD64 expression)
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exhibited delayed differentiation. In keeping with this was the finding that phagocytic
ability, which typically increases during macrophage differentiation, actually showed the
opposite trend to controls with decreasing capacity as IPF monocytes differentiated into
macrophages. During the process of differentiation and maturation, research has
demonstrated that MDMs exhibit less inflammatory potential and gradually start to
resemble tissue resident macrophages within the lung [170, 190, 193]. Thus, it could be
postulated that retention of monocytic characteristics in IPF MDMs may promote tissue
damage following lung homing. Contrary to this hypothesis, however, was the finding
that inflammatory markers CD64 and CD86 were reduced on IPF MDMs suggesting that
they were in fact less, not more, pro-inflammatory than control MDMs. Furthermore, on
balance, the gene expression data showed that genes associated with the later stages

of repair were more highly expressed than those associated with inflammation.

Thus, whilst the MDM data was more consistent with a pro-repair phenotype than the
monocyte results, the collective findings continued to evade classification into
macrophage subsets associated with a specific phase of repair. An example of the
difficulty in interpreting the data was seen in the expression of the inflammatory
transcription factor STAT71 which was up-regulated by IPF MDMs and should
theoretically inhibit STAT3 and STAT6 pathways. However clear trends towards
increased expression of all three transcription factors were found. Whilst this may simply
demonstrate the common discrepancy between scientific doctrine and practical
observation, it may also indicate that even after 7 days in uniform culture conditions,
MDMs represent a heterogeneous population. The ex-vivo culture did not attempt to
replicate the differentiation process within the body but the divergent expression of cell
surface receptors and the often clustered differences seen in expression of genes
between IPF and controls, indicates that monocytes followed distinct differentiation
pathways, which may have been at least partially predetermined. Gibbings et al. (2015),
showed that interstitial macrophages derived from monocytes in the heart, gut and lung
shared a similar transcriptional profile regardless of the tissue in which they resided
[190]. The preserved transcriptome seen in the monocyte-derived macrophages
indicates that whilst susceptible to their microenvironment, monocytes retain some
‘hardwired’ characteristics acquired during BM development. In health, monocytes are
not primed to enter and replenish macrophage populations within the lung tissue and
there is evidence that the transcriptional profile of monocytes varies relatively little

following extravasation [400]. Thus, the differentiation of healthy control monocytes to
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MDMs in culture may be more reproducible than monocytes from IPF patients, which are
subjected to a wide array of pathological stimuli. Furthermore, as the disease is
characterised by spatial and temporal heterogeneity with areas of established fibrosis
adjacent to new lung injury and normal tissue [13], monocytes entering the lung are likely

to be uniquely shaped by the environmental signals within their immediate locality.

Given the difficulty in interpreting how the phenotype of IPF and control MDMs might
influence disease processes, | reasoned that a more informative approach might be to
characterise MDMs according to their ability to undertake specialised functions relevant
to injury and repair. Reactive oxygen species are produced by monocytes and
macrophages in the early stages of tissue injury and contribute to inflammatory
responses required for the clearance of invading pathogens. Oxidative stress induced
by sustained or exuberant ROS production can, however, worsen tissue damage and in
IPF there is evidence that oxidative stress contributes to fibrotic processes [124]. | thus
questioned whether IPF MDMs may potentiate disease processes by generating
enhanced ROS responses following stimulation. In contrast to my hypothesis, IPF MDMs
that were viable on day 7 were found to generate less rather than more ROS compared
to controls. Furthermore, inflammasome activation using LPS and Nigericin
demonstrated no differences in the production of IL-1R by MDMs. However, whilst these
findings did not support my theory that IPF MDMs potentiate fibrogenesis through these
mechanisms, the in vitro nature of the assay and isolated time point used to assess MDM
responses limited conclusions that could be drawn. Indeed, given that IPF monocytes
possessed a more inflammatory phenotype than controls, repeating this assay on freshly
isolated monocytes (prior to the apoptosis of CD64+CD163- monocytes) may have

yielded different results.

| next questioned whether phagocytic responses differed given that the effective
removal of pathogens and cellular debris is essential for successful repair. | found that
the ability of IPF MDMs to phagocytose E coli bioparticles was significantly reduced.
Furthermore, IPF MDMs exhibited reduced efferocytosis of aged neutrophils, a function
essential for maintaining homeostasis and enabling the restoration of healthy tissue by
the removal of redundant inflammatory cells [237, 371, 375]. By extrapolating the
function of day 7 ex-vivo MDMs to in vivo responses following injury, the characteristics
of IPF MDMs suggest that they may play a defective role during the earlier stages of
tissue repair. Decreased ROS generation, a reduced ability to clear microbes and debris,

as well as preferential apoptosis of inflammatory monocyte subsets may set the path for
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a defective healing response. Furthermore, as efferocytosis modulates macrophage
phenotype and directs its functionality towards repair and resolution [373, 406], defective
capacity may inhibit this process, as well as result in the persistence of cellular material

contributing to non-resolving lesions.

There are several possible explanations for the divergent differentiation patterns
observed in IPF MDMs. Firstly, the expression of genes differed in freshly isolated ex-
vivo monocytes and these inherent transcriptional differences may lead to translational
changes (such as increased production of IL-10) that then influence subsequent
differentiation patterns. Secondly, the preferential apoptosis of CD64"CD163" monocytes
from IPF patients at 24 hours probably skewed the phenotype of the viable MDM
population later analysed. Thirdly, the differential ability of monocytes and MDMs to
undertake efferocytosis may have modulated their phenotypic characteristics. Lastly,
and probably most significantly, was the influence exerted by the elevated
concentrations of M-CSF in the serum of IPF patients. As monocytes were cultured in
autologous serum, this cytokine is highly likely to have influenced their differentiation
profiles. Indeed, there are several protocols that advocate the use of M-CSF to polarise
in vitro monocytes to ‘M2’, and injecting M-CSF into monkeys elevated levels of
circulating monocytes [407]. M-CSF, in addition to IL-10, was shown in one study to
synergistically increase the expression of CD14 and CD64 on monocytes [208].
Interestingly, research has also linked M-CSF to enhanced FcyR-mediated
phagocytosis, antigen presentation and ROS production [206, 408]. The increased levels
of monocytes, high CD14 and CD64 expression and trend towards superior
phagocytosis in IPF monocytes would thus be consistent with exposure to higher
concentrations of M-CSF. The in vivo influence of this cytokine in modulating monocyte
properties as they differentiate into macrophages is less clear but of relevance. In vitro
work has shown that M-CSF ‘primes’ MDMs towards an ‘M2’ phenotype, which can be
modulated depending on additional stimuli resulting in cells with mixed

reparative/inflammatory signatures (section 1-3-4) [207, 209].

Elevated concentrations of M-CSF within the serum have been found in a number of
different pathological processes including cancer, inflammation and infection. M-CSF
influences the survival, differentiation and functional characteristics of monocytes and
tissue resident macrophages [207]. The finding that this growth factor was increased in
IPF patients is therefore likely to hold pathological and clinical significance beyond the

phenotypic/functional changes identified in IPF monocytes/MDMs in this project.
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Inhibiting the receptor for M-CSF has been ftrialled in numerous disease models, with
varying success [409]. Blocking CSF-1R in mice, however, significantly reduced the
extent of pulmonary fibrosis following bleomycin instillation [309] suggesting that
interrupting M-CSF signalling may be a potential therapeutic target in human lung

fibrosis.

Whether the phenotypic differences observed in IPF monocytes and MDMs translate to
a disease-enhancing, disease-inhibiting or neutral role was not established in this
project. It is clear however that MDMs as a collective group exert a strong influence on
fibroblastic activity. They substantially increased proliferation and up-regulated genes
associated with an invasive phenotype. Differences, however, were not seen between
controls and IPF MDMs which may indicate that the hypothesis that IPF monocytes are
more fibrogenic than controls is incorrect. It may also be the result of an experimental
set-up that was too simplistic to detect subtle differences between controls and IPF
MDMs. Alternatively, it is plausible that the phenotypic differences observed in
monocytes and MDMs only translate to differences in fibrogenic endpoints when these
cells are exposed to additional factors within the IPF lung. Indeed, monocytes that are
directly pro-fibrogenic would cause exuberant scar formation following injury and
widespread fibrosis in multiple organs. Thus, given that IPF is a lung-specific disease,
the abnormal interstitium itself or factors released within the tissue may trigger the
evolution of a pro-fibrogenic phenotype in monocytes that facilitates fibroblast activity
locally. Exploring the interaction of monocytes and fibroblasts on a fibrotic interstitium in
a way that recapitulates the disease processes in IPF is technically challenging and the
lack of a representative animal model for the disease hampers investigation in this area
further.

The results presented in this project show clear differences between IPF and controls
but raise more questions than can be answered completely by our current understanding
of monocyte biology. Whilst it is important not to over-interpret individual results,
particularly given that ex vivo differentiation is far removed from processes that occur in
the body, collectively there is sufficient evidence to support the hypothesis that IPF
monocytes are likely to impact on fibrogenic processes differently to healthy controls.
Whether this is pathogenic or otherwise has not been established and requires further

work.
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8.2 Future work

To fully elucidate how phenotypically distinct monocyte populations impact on fibrogenic
processes, an in vivo model is necessary. As discussed previously, however, this is
problematic as the bleomycin mouse model most commonly used to study lung fibrosis
induces pathological manifestations that are distinct from those occurring in IPF. Work
that builds on the pilot study undertaken by Collard et al. (2016) involving the labelling
and tracking of monocytes in healthy volunteers and IPF patients (as well as those with
other lung diseases), would determine the extent to which monocytes home to the lung
but would not provide information as to their role within the tissue. More feasible, and
currently being undertaken by members of our group, is to ascertain the presence of
monocytes and monocyte-derived cells within IPF and healthy lung biopsy samples.
Identification of CD14 positive cells and their proximity to areas of active fibrosis would
strengthen the hypothesis that monocytes are involved in IPF fibrogenesis. Micro-
dissecting these cells and undertaking techniques such as Nanostring to analyse their
gene expression profiles would enable comparison with their peripheral blood
counterparts and help determine how the transcriptome differs in health and disease.
Single-cell RNA sequencing on circulating monocytes could also provide detailed
information on how IPF monocytes differ from controls and overcome issues associated

with monocyte heterogeneity when analysed as a collective group.

This study has demonstrated a link between monocyte levels and extent of fibrotic
burden in IPF. Patients with acute exacerbations of disease were found to have the
highest levels of circulating monocytes and it is possible that elevated monocyte levels
contribute to acceleration of disease and thus predict those at high risk of disease
worsening. Further work looking at monocyte levels in individuals over the time course
of their disease would confirm whether levels may be used as a predictor of exacerbation
risk or a more aggressive disease course. Given the high mortality associated with
AEIPF, further work to unravel the mechanisms that lead to these events is urgently
needed. Studying the immunophenotypic characteristics of monocytes and other
circulating immune cells at the start of exacerbations, prior to the administration of
steroids, may identify changes in cellular characteristics that could be of pathological
significance. If changes in monocyte or other peripheral immune cell phenotype were
linked to exacerbation or progression, the development of agents that inhibit or modulate

the activity of these cells may be a potential therapeutic strategy. Equally, determining
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how corticosteroids modulate monocyte functionality and influence the trajectory of the
disease clinically would advance our understanding of the pathophysiology of AEs and
potentially alter our management approach. The finding that CD64 was significantly
elevated on IPF monocytes is also of interest and possibly merits further investigation,
particularly given that expression was most intense on treatment-naive patients. It was
not ascertained whether CD64 expression correlated with favourable responses to
treatment but given the adverse side-effect profile associated with anti-fibrotic therapy,
a biological marker that predicted a positive therapeutic response and identified those

who were likely to benefit from ongoing treatment would be highly beneficial.

It would be of scientific interest and of potential clinical relevance to determine whether
the phenotypic characteristics of IPF monocytes and MDMs are observed in other types
of fibrotic disease. It is probable that the physical environment or mediators released
during fibrogenesis itself modulate the monocyte phenotype. Itis also possible, however,
that polymorphisms in monocyte genes or epigenetic changes occurring at the precursor
cell level predispose individuals to fibrosis. Depending on the subsequent environmental
trigger and the organ affected, patients may go on to develop fibrosis in the
corresponding locality. Thus, a study to determine whether monocytes from patients with
other forms of fibrotic disease share a similar monocyte profile to IPF would provide
evidence of a ‘fibrotic signature’ and strengthen the assertion that these cells are

important in the process of fibrogenesis.
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