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Abstract: The migration of pericytes from the vasculature towards the inflamed airway is a key
contributor to airway remodelling, a hallmark of allergic asthma. However, the mechanisms
contributing to this event are not yet known. Various growth factors, cytokines and matrikines have
been linked to airway remodelling or allergic asthma, although how they interact with pericytes and
effect their migration is yet to be determined. These factors may be useful, druggable targets for
future asthma treatments. Pericyte migration was observed via Transwell and scratch assays and the
expression of indicators of fibrosis including periostin and N-cadherin were assessed via
immunostaining and ELISA and the IL-13 inhibitor cinnamaldehyde was explored as a drug to target
this migration. In order to better observe pericyte uncoupling from endothelial cells and their
subsequent migration, 3D co-cultures of pericytes and endothelial cells were constructed via
magnetic levitation and analysed using immunostaining. As an in vivo corollary, the house dust mite
mouse model of allergic asthma was utilised and lung tissue, tracheobronchial whole mounts,
bronchoalveolar lavage fluid and whole lung digests were harvested and used to assess the effect of
the CXCL12 neutraligand LIT-927 on airway remodelling. The results demonstrate increased pericyte
migration following treatment with TGF-B, EGF or periostin and under inflammatory conditions in
vivo. The impact of periostin was further explored, with the expression of periostin by pericytes
increased by TGF-B and periostin secretion driven by IL-13, which was successfully inhibited with
cinnamaldehyde treatment. Spheroids of pericytes and endothelial cells were successfully
constructed, although further optimisation of the staining method is needed. CXCL12 neutralization
with LIT-927 was found to reduce symptoms of respiratory distress and impede the uncoupling of
pericytes while not affecting the immune response or the expression of CXCR4 on pericytes. Overall,
cinnamaldehyde and LIT-927 are promising future drugs for treating allergic asthma.

Keywords: Pericyte - Airway Remodelling - Allergic Asthma - Migration - TGF-$3 - Periostin -
Cinnamaldehyde - Spheroid - CXCL12 - LIT-927
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Chapter 1 - Introduction

Pericytes are a relatively recently characterised cell type that are considered to be a type of tissue-
resident mesenchymal stem cell (MSC) (Wong et al., 2015). In many ways, pericytes are similar to the
more well-known bone marrow-resident MSC, but there are some differences in the range of
function of these cell types. It has been shown that alterations to pericyte function may be a
contributing factor to allergic asthma through the induction of structural changes (fibrosis) that have a
negative impact on lung function. The symptoms of various fibrotic lung diseases, such as chronic
obstructive pulmonary disorder (COPD), idiopathic pulmonary fibrosis (IPF) and asthma, have been
attributed to the recruitment of pericytes areas of immune cell infiltration. While fibrosis in these
conditions can be triggered by multiple different factors, there are many consistencies in the
downstream mechanisms that lead to fibrosis (Liu et. al., 2021). Crucially, pericyte recruitment to
sites of inflammation has been observed in a wide range of fibrotic diseases of the liver, kidneys, and
heart (Mederacke et al., 2013, Shaw et al., 2018, Ytrehus et al., 2018). Based on our partial
understanding of the mechanisms driving pericyte recruitment into fibrotic foci, it is hypothesised
that pericyte migration into sites of inflammation is a key event in the development of tissue fibrosis

(Hung et al., 2013).
1.1 Asthma

One of the most common conditions in modern society and the most common lung disease, asthma is
defined as chronic inflammation of the lungs and airways, particularly after exposure to certain
allergens (Janson, 1998). Over 5.4 million people in the UK alone are suffering from asthma
according to AsthmaUK.org, with around 1,500 people dying from asthma attacks a year. This
number is steadily escalating, having increased by 33% between 2008 and 2018 in the UK (lacobucci,
2019). This costs the NHS (National Health Service) around £1 billion a year on asthma care alone
(AsthmaUK, 2019). Asthma is thought to be induced by aeroallergen exposure and exacerbated
through excessive inflammatory responses driven by the immune system (Johnson et al.,, 2004,
Barnes, 2008b). It has been studied extensively using both in vitro and in vivo methods, leading to the
development of various forms of treatment. Despite the range of treatment options available
including bronchodilators and corticosteroids, asthma is still yet to be cured and remains a chronic
disease. However, an exploration of the key role of pericytes in asthma may yield promising results in

the search for a cure.

1.1.2 The Immune Response in Asthma

R.E. Bignold, PhD Thesis, Aston University, 2022 1



It is well documented that in allergic asthma, the immune response is triggered by the release of IgE
molecules resulting from a hypersensitivity response to the allergen (Eseribese et al., 2015). Immune
cells such as eosinophils and mast cells contribute to the increased inflammation that is
characteristic of the disease (Jatakanon et al., 1999). Eosinophils are recruited by IL(interleukin)-5
releasing Th2 cells as well as epithelial cells which release IL-25, IL-33 and GM-CSF (granulocyte
macrophage colony-stimulating factor). Epithelial cells can recruit dendritic cells, which further
coordinate both the innate and adaptive immune responses through the release of cytokines such as
IL-4, IL-12 and IFN-y (interferon gamma). NK (natural killer) cells are also recruited, which increase
proinflammatory signals including IFN-y, IL-4, IL-5 and IL-13 as well as TNF-a (tumour necrosis factor)
(Eseribese et al., 2015). It is thought that Th2 cytokines such are released in milder cases of asthma
whilst Thl and Th17 cytokines are mostly seen in severe asthma (Al-Muhsen et al., 2011). This has
also been corroborated using long-term mouse studies showing that mice skew towards a neutrophil
dominant Th17 response to asthma after around 10 days of HDM (house dust mite) treatment
(Johnson et al., 2011). The Th2 response is traditionally associated with the reaction to allergens.
The differentiation of ThO cells to Th2 cells is driven by IL-4, which increases the production of IgE
and initiates the immune response. Hypersecretion of mucus along with airway
hyperresponsiveness, which are widely associated with asthma, are likely triggered by IL-13 during
the Th2 response (Caminati et al., 2018). These all work to exacerbate inflammation and can overall
lead to structural changes (Barnes, 2008a). These structural changes, including airway smooth
muscle thickening and fibrotic stiffening of the airway wall, contribute to the well-known symptoms of

asthma, i.e. wheezing and dyspnoea (Barnes, 2008b).

Despite it being a highly prevalent condition, and one which is largely understood at a molecular
basis, the structural changes characteristic of allergic asthma remain intractable to currently
available therapeutics, highlighting a significant research gap. One of the most useful methods in the
study of asthma is the use of animal models. However, as asthma is a complex disease, it has proven
difficult to develop a completely effective animal model for research. Each model therefore focuses
on different aspects of asthma. The bleomycin-induced murine model is also often used to model
other fibrotic lung conditions such as idiopathic pulmonary fibrosis. However, this model does not
truly mimic the conditions observed in allergic asthma as it does not trigger a Th2-polarised,
allergen-specific immune response (Chaudhary et al., 2006). Previously, the most commonly used
allergen in the study of asthma was ovalbumin. This is likely due to its cheap price as it can be easily
mass produced from chicken eggs. Although it is able to induce inflammation in species such as mice
and rats, providing a suitable adjuvant such as aluminium hydroxide is used, ovalbumin exposure

does not trigger asthma in humans. Moreover, mice eventually develop inhalation tolerance to
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ovalbumin (Swirski et al., 2004), rendering this model useless for the study of chronic pathology.
Therefore, it is thought to be a less effective model as it cannot be directly related back to humans
(Aun et al., 2017). A different, relatively newer animal model uses house dust mite (HDM) extract to
induce an inflammatory response; over 80% of asthmatics are sensitive to HDM. It has been shown
that exposure to HDM extract, in the absence of any additional stimulation, significantly induces a
Th2-polarised immune response in mice. This was apparent through the increase of various
inflammatory markers such as Th2-related cytokines, eosinophil infiltration in the lung, airway
smooth muscle thickening, and collagen deposition (Johnson et al., 2004); crucially, inhalation
tolerance does not occur in this model. This clinically relevant response is useful to study the long-
term physiological changes that occur in asthma, such as airway hyperresponsiveness and specific

aspects of tissue remodelling.

1.1.2 Airway Remodelling

Airway remodelling is a term used to describe four key changes in lung physiology, particularly of the
airway walls, that are associated with allergic asthma (Figure 1). One of the most well-known aspects
is the overproduction of mucus or mucus gland hyperplasia (Boulet, 2017). Within the airway
epithelium, secretory cells known as goblet cells secrete mucus into the lumen of the airway in order
to protect the epithelium and trap pathogens. This is normally removed quickly by the ciliated cells
of the airway epithelium. However, in asthma, the increased amount of mucus is not removed
effectively and can even lead to death, with mucosal-derived asphyxia being the most common
cause of asthma-related death (Bonser and Erle, 2017). Asphyxia can also occur when the airway

smooth muscle surrounding the airways thickens and contracts.
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Figure 1.1 — Diagram depicting the four aspects of airway remodelling seen in asthma. Any combination of these
physiological changes may be seen in each case, often with many of them interacting and contributing to the pathogenesis of
the disease. It shows the cross section of an airway with the airway wall in pink and the lumen in the centre of each airway.
A healthy airway has a large unobstructed lumen and relatively thin wall (A) whilst in diseased airways, the lumen space can
be reduced by the failure to remove mucus (B) as well as the recruitment of vascular smooth muscle cells to the airway wall
(C). Fibrosis and myofibroblasts also play a large role, causing the increased deposition of ECM (extracellular matrix)
proteins (D) and the constriction of airway smooth muscle (E), thus reducing airflow. Adapted from (James and Wenzel,

2007).

The thickening of airway smooth muscle occurs due to the increased proliferation of smooth muscle
cells as well as the overall size and contractility of the cells (Jones et al., 2016). An essential part of
the thickening of the airway is the increased rate of angiogenesis through exuberant VEGF (vascular
endothelial growth factor) production (Tatari et al., 2019). This prevents the death of cells within the
inflamed tissue and allows the continued thickening of the airway wall. Studies have suggested that a
combination of growth factors and other cytokines work in tandem to produce these new blood
vessels. Vascular endothelial growth factor (VEGF) and various angiopoietins produced from
endothelial cells initiate the vascular formation by recruiting fibroblasts and vascular smooth muscle
cells, whilst transforming growth factor-beta (TGF-B) is released during vessel maturation and
encourages the deposition of extracellular matrix (ECM) proteins as well as preventing endothelial
cell proliferation (Alagappan et al., 2013). Other studies, however, have identified other factors that
may be involved, such as FGF (fibroblast growth factor), TNF-a, and IL-8 (Walters et al., 2008). The
fibroblasts and vascular smooth muscle cells recruited during both angiogenesis and airway
thickening may also pose and additional problem. Both cell types are able to deposit large amounts of
ECM proteins such as collagen, particularly in response to TGF-B. This can cause the formation of scar
tissue (fibrosis) around the airways and constriction of the airway, as well as reducing the size of the

airway lumen, thus reducing airflow (O'Dwyer and Moore, 2017).

Myofibroblasts are one of the key cell types that are involved in wound healing where they produce

and arrange extracellular matrix (Hinz, 2016). Therefore, dysregulated myofibroblasts greatly
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contribute to many forms of fibrosis including asthma as they are responsible for much of the
increased deposition of ECM proteins and airway thickening. However, the source of these
myofibroblasts is hotly debated. It has been established that myofibroblasts are not resident in
tissue and instead differentiate from other cell types in response to injury causing a change in the
cell environment such as increased levels of TGF- and increased extracellular strain often caused by
the extracellular matrix. Previous studies using cell lineage tracing strategies have investigated the
hypothesis that that the progenitors of myofibroblasts are varied, including fibroblasts, epithelial or
endothelial cells as well as fibrocytes from the bone marrow (Hinz et al., 2007, Johnson et al., 2011,
Mederacke et al., 2013). This is often referred to as EMT, or epithelial to mesenchymal transition.
EMT has been shown to occur in several biological contexts, each with their own distinct functions
which have been categorised into 3 types. Type 1 refers to developmental EMT which occurs during
organ formation and is most useful for transplantation as they do not result in fibrosis (Thiery et. al.,
2009). Type 2, on the other hand, is activated by fibrosis and inflammation and is useful in wound
healing responses. However, this response can be prolonged and eventually lead to the death of the
organ (Marconi et. al., 2021). Type 3 EMT occurs in cells that have undergone mutations, such as
cancerous cells, thus increasing their ability to metastasize and spread the cancer to other organs
(Smith & Bhowmich, 2016, Kalluri & Weinberg, 2009). However, taken together, these cell types
appear to make relatively minor contributions to the development of airway remodelling. Recently,
Johnson et al. demonstrated that pericytes are a major source of myofibroblasts and contribute to

airway remodelling in allergic airway disease (shown in Figure 1.2) (Johnson et al., 2015).
1.2 Pericytes

Pericytes were first characterised by Charles Rouget in 1873, and are therefore referred to as Rouget
cells (van Dijk et al., 2015). They were then renamed pericytes by Dore in 1923 (Dore-Duffy and
Cleary, 2011). However, pericytes are still rarely researched. This is likely due to the intrinsic
difficulty in culturing cells with stem cell properties, in that they can freely differentiate in vitro. They
are also incredibly heterogeneous both in vivo and in vitro. This causes difficulties in identifying the
cell type in mixed cultures and when staining. The expression of markers by pericytes can also vary
with species, the location of the vessel, or other local physiological conditions (Diaz-Flores et al.,
2009). Therefore, it is suggested that multiple markers are used in tandem in order to ensure correct
identification (van Dijk et al., 2015). The most common pericyte markers used are a-smooth muscle
actin (a-SMA) and NG2 (neural/glial antigen 2), specifically for arteriolar and capillary pericytes,

respectively (Diaz-Flores et al., 2009).
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Pericytes are always found surrounding the endothelial cells that form blood vessels. They are
embedded within the same basement membrane as endothelial cells, allowing them to be referred
to as mural cells, much like vascular smooth muscle cells (Armulik et al., 2005). These cells can be
found throughout the body; however, most studies have focused on pericytes in the kidney, lungs,
and blood brain barrier. It has been suggested that the mesenchymal stem cell capacity of pericytes
indicates that they may be precursor cells of myofibroblasts (Wong et al., 2015, Hung et al., 2013).
This is due to their similar characteristics such as marker expression and ability to differentiate into
osteoblasts, chondrocytes, and adipocytes under healthy conditions. MSC are a type of pluripotent
stem cell which reside in the bone marrow throughout the body in adults. As with pericytes, MSC
can differentiate into osteoblasts, chondroblasts, and adipocytes, with specific differentiation driven
by a combination of different growth factors and other environmental cues (lzadpanah et al., 2006).
This newly discovered and abundant tissue-resident stem cell niche may allow future therapies to be
developed. However, considerable evidence demonstrates that pericytes can contribute to disease,
as they can differentiate into scar-forming myofibroblasts during chronic inflammation, particularly in
the lungs (Hung et al., 2013, Rowley and Johnson, 2014, Wong et al., 2015). Due to fate-mapping
methods in a case of renal fibrosis, this transition contributes to fibrosis more than previously

thought (Humphreys et al., 2010).

1.2.1 Pericyte Roles

As previously mentioned, due to their apparent heterogenicity, pericytes are able to fulfil a variety of
roles depending on species and location within the body. They do this via the secretion of a mixture
of growth factors and cytokines. The coverage of blood vessels by pericytes aids in their stabilisation
by allowing the diameter of the vessel to be regulated. This improves resistance to high blood
pressure and also contributes to the migration and proliferation of nearby cells during angiogenesis
through the secretion of VEGF and Angl (Diaz-Flores et al., 2009). For this reason, there is often a
higher concentration of pericytes found at blood vessel junctions (van Dijk et al., 2015). Pericytes
also contribute to overall tissue homeostasis through the regulation of the permeability of the
endothelium. This is mediated by nitric oxide, a potent vasodilator, and VEGF and is particularly
important in the blood brain barrier. VEGF can induce the dissociation of pericytes from the
endothelium, thus decreasing the area of endothelial cell that is covered and therefore increasing
vessel permeability. It has also been observed that pericytes can display macrophage-like properties

as well as interacting with macrophages themselves (Diaz-Flores et al., 2009).

Cultured pericytes are morphologically distinct from many other types of cell, although they do
share several characteristics with fibroblasts. The culturing conditions for pericytes, however, are

very specific and differ from that of fibroblasts, such as their requirement for a lower concentration
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of foetal calf serum and glucose. Therefore, manufactured selective medium can be used in order to
distinguish them from fibroblasts and endothelial cells in culture (Tigges et al., 2012). Pericytes
exhibit fibroblast-like protrusions with a circular central cell body. Within the cell, the nucleus
appears large whilst the mitochondria are small and electron dense (Diaz-Flores et al., 2009).
Pericytes are also able to form adhesion plaques in order to embed into the subendothelium around
blood vessels. These plaques contain high levels of fibronectin, highlighting their similarity to other
fibroblastic cell types (Armulik et al., 2005). Pericytes are most commonly found surrounding small
capillaries throughout the body, while vascular smooth muscle cells instead cover larger vessels (van
Dijk et al., 2015). Pericytes often wrap around the entirety of the vessel, although they can exhibit a
variety of wrapping patterns, resulting in 10-50% coverage of the endothelium (Armulik et al., 2005).
These variations relate to the function of that particular pericyte; for example, during angiogenesis,
pericytes tend to span the vessel longitudinally (Dore-Duffy and Cleary, 2011). It is thought that the
coverage pattern of vessels by pericytes contributes to their differing roles as this can modulate cell

function and physiological factors such as blood flow.

Pericytes are no longer thought to be just structural cells and are now known to interact in depth
with their surrounding environment. For this reason, pericytes have shown to express a variety of
different receptors for cytokines and growth factors. The receptor for TGF-B, TGFBR2 is expressed on
both pericytes and endothelial cells, thus allowing crosstalk between these often-associated cell
types (Armulik et al., 2011, Butsabong et al., 2021). As pericytes are known to aid in angiogenesis, it is
not surprising that studies have shown that pericytes express a receptor for VEGF, VEGFR1 (Eilken et
al., 2017). Less, commonly, studies have also shown that pericytes likely express the EGFR
receptor for EGF (epidermal growth factor), especially in tumour environments and that heparin-
binding EGF-like growth factor may increase this expression (Nolan-Stevaux et al., 2010, Sun et al.,
2021). One of the relatively newly discovered signalling pathways involving pericytes is the
CXCL12/CXCR4 (C-X-C motif chemokine ligand 12/C-X-C chemokine receptor 4) pathway. Studies
have shown that pericytes in the lung as well as in other locations such as around bones, express the
aVPB3 receptor CXCR4 (Stephenson et al., 2020, Xu et al., 2020). This thesis will also explore this
further in Chapter 6 and the accompanying research article (Bignold et al., 2022). Periostin, a
matrikine explored further within this thesis, is thought to interact with several different receptors
including aVB5, and a6B4 (Dorafshan, et al.,, 2022, Gonzalez-Gonzalez & Alonso, 2018). aVB5 has
been shown to be expressed by pericytes and has been implicated in increased vascular leakage in
renal injury (McCurley et al., 2017). The other two integrins mentioned seem to be expressed on

endothelial cells but their expression on pericytes has not been explored (Kemp et al., 2022).
1.2.2 Difficulties in Pericyte Research
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There are many hurdles to overcome when carrying out research on pericytes. One of which is the
characterisation and isolation of pericytes due to the inherent heterogeneity within the populations
(Prazeres et al., 2017). The most common markers used for pericyte identification are PDGFR[
(platelet-derived growth factor receptor beta) and NG2 as well as CD31 and CD45 which are negative in
pericytes (Yuan et al.,, 2015, Wilson et al.,, 2018). However, PDGFRP is also present on bone
marrow leukocytes, megakaryocytes, macrophages and T cells, and NG2 is expressed by glial cells
(Demoulin & Montano-Almendras, 2012, Zhu et al., 2016). There are also several cell types that are
very difficult to distinguish from pericytes, both due to their similar expression of markers and their
co-localisation. One of these is fibroblasts which, along with pericytes, also express CD44, CD73,
CD90, CD105 and PDGFRa as well as having similar morphological appearances (Barron et al., 2016,
Hung et al., 2019). Another cell type which are often confused with pericytes are mesenchymal stem
cells which are known to share the markers CD29, CD49a, CD47 and CD105 with pericytes (Garrison et
al., 2023).

There are also differences in marker expression depending on the location of the pericytes. Much of
the research performed involving pericytes is focused on pericytes found within the brain, however
studies have hinted to the organotypicity of pericytes and therefore data based on pericytes in the
brain may not be applicable to lung pericytes (Vanlandewijck et al., 2018). Pericytes also express
different markers depending on the type of blood vessel they reside on and are affected by changes in
disease states as well as differing culture conditions (Armulik et al., 2011). For examples, studies have
shown that whilst pericytes residing around lung capillaries are negative for a-SMA, pericytes found
on venules near alveolar septa are positive for a-SMA (Johnson et al., 2015, Kapanci et al., 1992).
This highlights the difficulties of studying pericytes even within specific organs. These varying markers
and expressions in pericytes results in an expansive and diverse pool of study designs which can lead
to incorrect assumptions and inferences. Standardisation of markers would allow research to be
more readily comparable and more robust conclusions drawn, thus forwarding the field of pericyte

research.

Due to these variable markers, the isolation of pericytes is also a very challenging task. Studies have
been able to isolate primary human and mouse pericytes from cardiac tissue using fluorescence
activating cell sorting (FACS) and a panel of 6 markers (CD140b+NG2+CD146+CD31-CD34-CD45-),
kidney tissue using flow cytometry and 4 markers (PDGFRB+NG2+CD45-PECAM-), bone marrow via
microbead cell sorting and 3 markers (CD146+CD34-CD45-) and umbilical cord by explant outgrowth
and magnetic sorting using 2 markers (NG2+CD31-) (Lee et al., 2019, Lemos et al., 2016, Mangialardi et
al.,, 2019, Cathery et al., 2020). Lung pericytes have proven difficult to isolate due to the fibrous

nature of the lung tissue leading to low vyields of pericytes (Dore-Duffy & Esen, 2018). However,
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studies have successfully isolated pericytes with markers such as PDGFRB, 3G5, NG2 and CD146
using methods involving magnetic bead sorting with and without the addition of FACS as well as cell-
selective culture conditions (Wilson et al., 2018, Yuan et. al, 2015, Yuan et al., 2020, Bagley et al.,
2006, Meng et al., 2021, Yamaguchi et al., 2020). The range of methods and markers used once

again highlights the need for an industry standard to be developed.
1.3 Pericytes and Chronic Inflammatory Disease

One of the most promising areas of research in asthma is into the role of pericytes in allergic airway
inflammation. Pericytes have already been associated with other forms of inflammatory disease, in
particular kidney fibrosis and liver fibrosis (Lin et al., 2008, Mederacke et al., 2013). It is thought that
pericytes may encourage the recruitment of inflammatory cells, with the gaps between adjacent
pericytes having a decreased expression of laminin, thus encouraging immune cell diapedesis
(Kratzer et al., 2013). This can increase the population of leukocytes and therefore increase the
inflammatory response. It has also been suggested that the secretion of VEGF and Ang2 by pericytes
can be an indicator of the severity of the asthma as they contribute to angiogenesis and the overall

stability of vessels (Kratzer et al., 2013).

Studies have observed increased migration of pericytes away from blood vessels in inflammation,
resulting in a larger surface area of exposed endothelial cells in conditions such as asthma. This
movement is thought to be induced by cytokines such as ICAM-1 (intercellular adhesion molecule 1)
and LFA-1 (lymphocyte function-associated antigen 1), which are increased in inflamed tissue
(Rowley and Johnson, 2014, Proebstl et al., 2012). These enlarged gaps between pericytes allow
neutrophils to enter the tissue, thus increasing the immune response to the allergen and therefore

exacerbating asthma (shown in Figure 1.2) (Proebstl et al., 2012).
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Figure 2.2 — The involvement of pericytes in the airway remodelling observed in asthmatic lungs. Pericytes modulate
immune infiltration, detach from the blood vessel and migrate towards the site of inflammation where they increase
deposition of extracellular matrix components, and also contribute to vascular leakage (Created with BioRender.com).

Originally published in Garrison et al., 2023.

1.3.1 PDGF-BB (platelet derived growth factor

Another important factor in the effect of pericytes on asthma is platelet-derived growth factor
(PDGF)-BB/PDGFR-B signalling. The family of platelet-derived growth factors is involved in the
regulation of mesenchymal cell types, including vascular smooth muscle cells and pericytes. It is
known that this signalling pathway is involved in the attachment and subsequent disassociation of
pericytes from endothelial cells. In conditions where PDGF-BB/ PDGFRP signalling is reduced, such as a
defect in the maturation of the PDGF-BB precursor in the HDM model (Johnson et al., 2015), the
interactions between pericytes and endothelial cells are decreased and pericytes dissociate from the
vessels (Johnson et al., 2015). This study also tested multiple aspects of allergic asthma, such as
airway hyperreactivity and airway resistance, both of which were increased in house dust mite
(HDM) treated mice when PDGFRP was blocked and pericyte uncoupling was enhanced. Johnson et al.
also showed, using lineage tracing, the accumulation of pericytes within the airway walls of HDM-
exposed mice. This indicates that pericytes make a significant contribution to airway wall
remodelling. Reduced PDGFR activity was also observed in HDM mice, suggesting that the artificial

modification of PDGF-BB/PDGFRB signalling may be a useful tool in the treatment of asthma,

R.E. Bignold, PhD Thesis, Aston University, 2022 10



although more research must be performed to fully understand the pathways involved (Johnson et

al., 2015).

1.3.2 Periostin

A relatively new area of research has emerged that ties in the interaction of the immune response
and growth factor release on pericytes in asthma. Periostin, which was originally referred to as
osteoblast-specific factor 2, is a matricellular protein which is a component of the extracellular
matrix that is not involved with maintaining the cellular structure (O'Dwyer and Moore, 2017). Its
exact function is still contested but is likely to involve the modulation of some cellular processes. It is
widely accepted that an increase in periostin can be linked to asthma, with several studies observing
that asthmatic patients had high serum periostin levels as well as an increase (3.7-fold) in periostin
expression in bronchial cells (Caminati et al., 2018, Lopez-Guisa et al., 2012). Studies have also
shown that periostin affects the inflammation observed in asthma and therefore contributes to
airway remodelling (Bentley et al., 2014, Li et al., 2015). The exact origin of periostin is currently
unknown; however, many studies suggest that it is produced in response to IL-4 and IL-13, two
cytokines that are typical in the Th2 immune response and that are upregulated in asthma. Yokota et al.
state that periostin can bind to avpl, avB3, and avB5 receptors on macrophages (Yokota et al.,
2017). This interaction may facilitate macrophage recruitment (Zhou et al., 2015). Periostin also
closely modulates the effect of TGF-B. Both of these molecules are able to affect the other, in a
positive feedback loop, allowing the production of TGF- and the resulting inflammation to become
dysregulated. Ashley et al. demonstrated that treatment of TGF-B and periostin increases the
production of the other (Ashley et al., 2017), while Naik et al. found that treating lung mesenchymal
cells with TGF-B tripled periostin production (Naik et al., 2012). Periostin also increases TGF-B
production and further dysregulation of TGF-f release by inhibiting Smad?, a protein which acts as a
regulator for TGF-B production, thus inducing the uncontrolled production and release of TGF-p
(Kanaoka et al., 2018). One of the ways in which TGF-B contributes to airway remodelling and
inflammation is by promoting epithelial-to-mesenchymal transition (EMT), which Hu et al. concluded is
mediated by periostin (Hu et al., 2015). How periostin interacts with pericytes is widely debated.
Although some studies suggest that pericytes produce periostin, other studies suggest that it comes
from fibrocytes and bronchial smooth muscle cells (Chen et al., 2018b, Nakama et al., 2017, Ashley et
al.,, 2017, Makita et al., 2018). However, as with many of the studies focusing on the origin of
periostin, they fail to rule out the possibility that pericytes may be involved by using inefficient
markers and cell isolation techniques. Many studies also suggest that periostin is involved in the
migration and proliferation of pericytes, although the exact mechanisms behind this interaction are

yet to be explained (Jackson-Boeters et al., 2009, Chen et al., 2018b, Yokota et al., 2017). This
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protein seems to link pericytes and TGF-B with the Th2 response and airway remodelling observed in
asthma, yet the mechanistic details of these interactions have not been elucidated. This area of
research is promising and highlights possible drug targets that may have a holistic effect on airway

remodelling.

1.4 Study Aims

The hypothesis of this thesis is that the factors affecting pericyte migration within allergic asthma
can be targeted and negated resulting in a reduction of pericyte migration in vitro and airway
remodelling in vivo. This study aims to explore the effect of various growth factors, cytokines and
matrikines on the migration of pericytes with the view to inhibit this migration in vitro and abrogate

airway remodelling in an in vivo model of allergic asthma.

To do this, the factors that may contribute to pericyte migration (such as growth factors, cytokine
and matrikines) were investigated using two forms of migration assay: Transwell and scratch assays.
Two of these factors, periostin and CXCL12, were selected to investigate in further chapters. The
relationship between periostin and pericytes was analysed via further scratch assays so demonstrate
migration, immunostaining to check for expression of periostin both in cultured pericytes and in lung
tissue, and ELISA (enzyme linked immunosorbent assay) to investigate the secretion of periostin. An
IL-13 inhibitor, cinnamaldehyde, was also investigated as a possible route to reduce the effect of
periostin. This was shown via ELISA and scratch assay. An alternative to traditional, 2D culture
methods was also explored as a better way to model blood vessels. This was attempted via magnetic
levitation of pericytes and endothelial cells using iron nanoparticles. The effectiveness of this was
assessed through several rounds of immunostaining. Finally, the CXCL12/CXCR4 gradient was
targeted in vivo via the use of a novel neutraligand administered to mice undergoing the HDM
model of asthma. Symptoms were monitored during the administration of the HDM and lung tissue
and bronchoalveolar lavage fluid was collected for investigation via immunostaining, flow cytometry

and differential cell counts.
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2.1 Cell Culture

HPLPCs (human placental pericytes cells) from Promocell (Germany) were cultured for use in
experimentation. This cell line was used as they are currently the only non-brain or retinal derived
pericyte cell line commercially available. Initial investigations have shown that human placental and
pulmonary pericytes express similar cell surface markers and consistent morphological
characteristics (although this has not been published). Due to the pandemic, primary lung tissue was
scarcely available, and | did not have the ethical approval nor the facilities to work with primary
human tissue. The cells were received from Promocell at passage 2 and cultured until passage 10 in a
1:3 seeding density as beyond this they began to display an altered phenotype. All experiments were
performed on cells between passage 6 and 10. All pericytes were cultured in specific pericyte growth
medium (Promocell, Germany) and split using trypsin-EDTA (Ethylenediaminetetraacetic acid)
(Sigma-Aldrich Ltd., Missouri, USA). HUVECs (human umbilical vein endothelial cells) from
Promocell (Germany) were cultured in EGM medium (Lonza, Switzerland) and split similarly to
HPLPCs. A549 human epithelial cells (Sigma/Merck, Germany) were cultured in DMEM (Dulbecco’s
Modified Eagle Medium) containing high glucose without pyruvate (Lonza, Basel, Switzerland) and
split similarly to the other cell lines. Cells were cultured in well plates coated in a gelatine mixture of
autoclaved distilled water with 5% gelatine (Sigma-Aldrich Ltd., Missouri, USA). This was done to
ensure rapid attachment of the cell monolayer. THP-1 monocytes were a kindly provided by Prof A.
Devitt (Aston University). They were maintained in uncoated T25 flasks in RPMI medium (Roswell
Park Memorial Institute) (Lonza, Basel, Switzerland) with 10% FCS (foetal calf serum). They were
transformed into unpolarised macrophages through a treatment of vitamin D3, also obtained from
Prof Devitt. In order to kill the macrophages to perform certain assays, cells were exposed to UV

(ultraviolet) light for 10 minutes to initiate apoptosis.
2.2 Growth Factor Treatment

Various recombinant growth factors and cytokines were used to treat HPLPCs throughout these
experiments. Table 1 contains an overview of the concentration used for each growth factor. These

were added to the growth medium every 48 hours until the stated treatment course was complete.
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Table 2.1 - Growth factors and cytokines used and their general working concentrations

Growth Factor/Cytokine Concentration Manufacturer

TGF-B 10 ng/ml R&D Systems, Minneapolis, USA
EGF 10 ng/ml Biolegend, California, USA
VEGF 10 ng/ml Biolegend, California, USA
Periostin 100 ng/ml Biolegend, California, USA
PDGF-B 300 ng/ml Biolegend, California, USA
CXCL12 500ng/ml Biolegend, California, USA
IL-13 100 ng/ml Biolegend, California, USA
Cinnamaldehyde 1mM /132mg/ml Sigma-Aldrich, Missouri, USA
H,02 50 ng/ml Biolegend, California, USA
TNF-a 10 ng/ml Biolegend, California, USA

2.3 Transwell Assays

Cells were treated with various growth factors at varying concentrations and timescales as stated in
the individual figure legends. Post treatment, medium was added to three columns in a 24 well
plate, one containing DMEM (Dulbecco modified eagle medium) without serum (Lonza, Basel,
Switzerland), one with DMEM with added 10% heat treated FCS (foetal calf serum) (Gibco/Thermo
Fischer Scientific, Massachusetts, USA), and DMEM without serum with added 300 ng/ml of PDGF-B
(BioLegend, California, USA). 500ng/ml CXCL12 (Biolegend, California, USA) and cultured
macrophages (1 million cell/ml) were also used as attractants. One Transwell insert with 8 um pores
(Merck, Germany) was placed in each well before 100 pul of a pericyte cell suspension at 2x10°
cells/ml in DMEM without serum was added into each insert. The plate was then incubated for 24
hours at 37°C in 5% O2 atmosphere. The medium was then removed from the insert and the inner
membrane swabbed carefully to remove cells that had not migrated. The cells were then fixed in
cold 100% EtOH (CEAC, Aston University) for 10 minutes. After fixing, the membranes were cut from
the insert, dipped in ddH20, and mounted onto a slide for imaging. Fluoroshield mounting medium
with DAPI (Diamindino-2-phenylindole) (Sigma-Aldrich Ltd., St. Louis, USA) was used to stain cell
nuclei by adding several drops to each membrane. The slides were visualised under UV light at 100x
magnification using a fluorescence microscope and then cell counts were analysed using Image)

software.

2.4 Scratch Assays
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HPLPCs were cultured until between passage 6—-10 in pericyte-specific medium (Promocell) with 1%
antibiotic/antimycotic (ThermoFisher, Massachusetts, USA). Once a monolayer of pericytes was
formed they were treated with the growth factor stated in the individual figure legends. Following
treatment, a p200 pipette tip was used to scratch the monolayer and form a wound once in each
well. The cells were then washed with PBS (phosphate buffered saline) and transferred to serum-
free low-glucose Dulbecco's Modified Eagle's Medium (DMEM; Sigma-Aldrich) with 1%
antibiotic/antimycotic (Sigma-Aldrich) in order to arrest cell proliferation. Images of each scratch
were taken at 100x before and after 24 h of incubation at 37°C and 5% CO2. The area of each scratch
was calculated with Imagel and the difference between the areas before and after the incubation

were used to calculate the distance that was migrated in pixels?.
2.5 ELISA

Anti-periostin ELISAs (R&D Systems, Minnesota, US) were performed on supernatant harvested from
cultured HPLPCs treated the various cytokines mentioned previously or supernatant from polarised
macrophages (obtained from colleagues) and on bronchoalveolar lavage fluid harvested from HDM
treated (and control) mice prepared as described in sections 2.7 and 2.8. All ELISAs were performed as

per the manufacturer’s instructions (Supplementary Figure 9.7).
2.6 3D cultures

Pericyte and endothelial cell cultures were prepared in a 1:5 ratio at 2.5x10° cells in 1ml of pericyte
medium and endothelial cell medium (1:1 ratio). Then, 1 ul of Nanoshuttle (Greiner Bio-One Ltd.,
Austria) solution was added per 10,000 cells used before centrifuging and resuspending three times
at 100 g for 5 minutes each time, which allowed the Nanoshuttle particles to incorporate into the
cells. After the last centrifugation, the pellet was resuspended in a mix of 5 ml of pericyte medium
and 5 ml of endothelial cell medium; 100 ul of this suspension was added to each well of a 96-well
plate before topping up each well with an extra 150 pl of medium (1:1 pericyte/endothelial cell
media). A magnet array plate holder was used to levitate the cells allowing the spheroids to form.
Cells were maintained for 5 days before they were treated with the relevant growth factors.
Following the required length of treatment, spheroids were washed three times with PBS and fixed
with 4% paraformaldehyde. They were incubated at room temperature for 15 minutes and then

immunostained using the techniques which will be described.
2.7 In vivo house dust mite model

All animal procedures were carried out in strict accordance with the approved protocol and

recommendations for proper use and care of laboratory animals (Animals (Scientific Procedures) Act
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1986). All experiments on animals were conducted according to United Kingdom Home Office
regulations (project license P75A73BEB held by the Principle Investigator) and animal handling was
performed by qualified personnel. All studies were performed and reported according to the revised

ARRIVE guidelines (du Sert et al., 2020).

Thirty female C57BI/6 mice (6-8 weeks old) were purchased from Charles River and housed at the
Aston University central animal facility under specific pathogen-free conditions. The mice were
provided with food and water and exposed to a 12-hour light-dark cycle. All mice were handled in
compliance with UK Home Office regulations on animal care and welfare (Animals (Scientific
Procedures) Act 1986). Allergic airway disease was induced using a previously described protocol
(Johnson et al., 2004). In brief, on five days per week over the course of five consecutive weeks, mice
were anesthetized with isoflurane (Sigma-Aldrich, Missouri, USA) before being challenged with
house dust mite allergen (HDM). HDM extract (Citeq, The Netherlands) was suspended in sterile
phosphate buffered saline (PBS) at a final concentration of 2.5 mg/ml. Ten microlitres of the solution
was administered intranasally; control mice received 10 pl of sterile PBS using the same protocol.
LIT-927 was obtained from Axon Medchem (Groningen, The Netherlands) and was diluted to 197
ng/ml in methyl-B-cyclodextrin (Sigma, Missouri, USA) 10% w/v and delivered intranasally (10 pl)

immediately before allergen exposure.
2.8 Sample collection

All mice were euthanised humanely using a pentobarbital overdose administered intraperitoneally.
Different samples were then collected from individual mice for separate analyses. Bronchoalveolar
lavage fluid was harvested for immune cell counts. Procedures requiring materials from mice
included lung section immunostaining, flow cytometry and cell culture. The lungs were surgically
removed and processed for immunostaining as described below. Whole lungs were taken and

digested for analysis via flow cytometry.
2.9 Preparation of single cell suspension from mouse lung

Bilateral thoracotomy was performed to expose the pleural cavity. A small incision was made in the
left ventricle, and 10 ml ice cold PBS was flushed through the circulatory system via the right
ventricle using a 21G needle and 10 ml syringe. The lungs were removed and placed in an Eppendorf
tube with 0.5 ml DMEM pen/strep (1%). Lungs were finely minced with scissors, and 0.5 ml DMEM
pen/strep with 0.195WU/ml Liberase™ thermolysin (Roche Diagnostics, Switzerland) and DNAse |
(Sigma-Aldrich, Missouri, USA) added before incubating at 37°C for 45 min.
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Reaction was terminated using 1ml FBS with EDTA (5 mM), and samples were kept on ice hereafter.
Digested tissue was mechanically dissociated by pulping through a 100 um cell strainer (Miltenyi,
Germany) using a syringe plunger, washed twice in RPMI buffer (RPMI, pen/strep, HEPES (25mM),
EDTA (5mM) and FBS (10%), 1200 rpm, 4°C, 6 min) before filtering through a 70 um filter (Miltenyi,

Germany) to create a single cell suspension.
2.10 Staining of lung cells for flow cytometry

Cells were diluted to 10-50 x 10° cells/ml in staining buffer (PBS, 10% FBS, EDTA (5mM), and Fc
receptor blocked with anti-CD26/32 (1:100, Biolegend, California, USA) for 10 min on ice. Cells were
aliquoted into 100 pl/well V-bottomed 96-well plates (Corning, New York, USA), centrifuged
(1200rpm, 5 min, 4°C), and resuspended in staining buffer containing antibodies pre-conjugated to
fluorophores (see Table 2.2) for 30 mins ice in the dark. Cells were washed twice to remove unbound
antibody before fixing in 100 pl/well IC fixation buffer (eBioscience, California, USA) for 20 min ice in

the dark, washing, and re-suspending in 200 ul PBS. Stained samples were stored at 4°C, in the dark.

Table 2.2 — Antibodies used in flow cytometry experiments

Antibody | Target Fluorophore Host Concentration Manufacturer

CD31 Endothelial cells PerCp-Cy5.5 Rat 1:80 Biolegend, California, USA
CD45 Pan-leukocytes PerCP-Cy5.5 Rat 1:80 Biolegend, California, USA
Ter119 Erythrocytes PerCP-Cy5.5 Rat 1:80 Biolegend, California, USA
CD146 Pericytes PE-Cy7 Rat 1:80 Biolegend, California, USA
PDGFRB Pericytes APC Rat 1:20 Biolegend California, USA
CXCR4 Marker of interest | PE Mouse 1:40 Biolegend, California, USA

2.11 Flow cytometry

Single colour compensation controls using VersaComp antibody capture beads (Beckman Coulter,
California, USA) and Fluorescence Minus One (FMO) controls were prepared at time of staining
following the same protocol. Stained controls were stored at 4°C in the dark. All flow cytometry
analyses were performed on a Cytoflex flow cytometer equipped with 405 nm, 488 nm (530/30 —
FITC/AFA88, 695/40 — PerCp-Cy5.5), 561nm (585/15 — PE, 780/60 — PE-Cy7) and 640 nm (670/14 —
APC) lasers and filters. Data were analysed using FlowJo (Treestar, Oregon, USA) software. Cells were
first selected using forward scatter and side scatter and doublets were removed. Cells that were
positive for Ter119, CD45 and CD31 were then excluded and the cells that were positive for both

CD146 and PDGFRp were selected. The expression of CXCR4 in those cells was then assessed.
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2.12 Fluorescence imaging

Immunostaining was performed on cultured human pericytes (HPLPC) and the large airways

(tracheobronchial wholemounts) and lung tissue from mice.

HPLPC were cultured as previously described on coverslips coated in 2% gelatine. Upon completion
of the desired experiment, medium was removed, and cells were fixed with cold 100% ethanol for 10
minutes. Cells were then washed with PBS and blocked with 5% NGS (normal goat serum; Sigma-
Aldrich, Missouri, USA) in 0.3% Triton-X-100/PBS for 60 minutes. The primary antibodies (shown in
Table 2) selected for that experiment were then added and incubated at room temperature for 60
minutes before being removed and washed again with PBS. The secondary antibodies (all from
Invitrogen) corresponding to the primaries used were then added at 1:500 and incubated for 60
minutes. All antibodies were diluted in 0.3% Triton-X-100/PBS. Following this, the antibodies were
removed, and the coverslips were washed with PBS before being mounted with Fluoroshield (Sigma-

Aldrich, Missouri, USA) mounting medium containing DAPI.

Table 3 - Primary antibodies used in immunofluorescent staining

Antibody Host Concentration Manufacturer

PDGFRB Rat/Mouse 1:200 Abcam, UK

Periostin Rabbit 1:200 Abcam, UK

CD146 Mouse 1:200 Biolegend, California, USA

N-cadherin Rat 1:200 Abcam, UK

SM22 Rabbit 1:200 Abcam, UK

CD31 Hamster 1:500 Abcam, UK

Isolectin From Griffonia simplicifolia | 1:200 ThermoFisher,
(directly conjugated with Massachusetts, USA
AlexaFluor™ 488

a-SMA Mouse (directly conjugated | 1:1000 Sigma-Aldrich, Missouri,
with Cy3) USA

NG2 Rabbit 1:250 Millipore, Germany

Whole lungs and tracheas were taken from the mice and stored in sucrose solution to cryopreserve
the sample. Sucrose was rinsed off using PBS. The large airways (trachea and bronchi prepared and
stained as a whole mount) were cleaned of extraneous tissue and pinned down onto Sylgard-coated

plates (Sigma-Aldrich, Missouri, USA). Whole lungs were embedded in TissueTek OCT (Sakura
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Finetech, UK) and frozen at -80°C. Sections (10 um) were then cut using a cryostat (Leica, Germany)
and mounted on Superfrost Plus slides (Fisher Scientific, UK). The slides were stored at -80°C. Prior
to staining, slides were warmed to room temperature. A hydrophobic marker was used to outline
the tissue sections before they were blocked with 5% NGS in 0.3% Triton-X-100/PBS for 2 h. After
this, the blocking solution was washed off with PBS and the slides were incubated overnight at room
temperature with primary antibodies against periostin raised in rabbit (Abcam), a-SMA raised in
mouse (Abcam, UK), or CD31 raised in Armenian hamster (Biolegend, California, USA). Following
incubation, the primary antibody was washed off with PBS containing 0.3% Triton-X, and the
secondary antibody (AlexaFluor488 goat anti-rabbit (Invitrogen, UK), AlexaFluor555 goat anti-mouse
(Invitrogen, UK), or AlexaFluor649 goat anti-hamster (Invitrogen, UK) was added and incubated again
for 2 h. Slides were then washed again with PBS and mounted using Fluoroshield with DAPI (Sigma-
Aldrich, Missouri, USA). Lung sections and tracheobronchial wholemounts were imaged at the
ARCHA (Aston Research Centre for Healthy Aging) Advanced Imaging Facility at Aston University,
employing a SP5 TCS Il MP confocal microscope (Leica, Germany), an EVOS XL microscope, or a

widefield fluorescent microscope (Leica, Germany).

2.13 Image Analysis

Image analysis was performed on images using the open-source software Imagel version 1.52
(Schneider et al., 2012). Images were loaded individually onto the program before being converted to
8-bit black and white or split (for images with multiple colours) which results in black and white
channels. The threshold for the image was then set to highlight only the areas of interest. This was
kept constant in each channel throughout each experiment to allow comparison. For images from
Transwell assays where cells were to be counted, the image was then set to binary before a
watershed was applied. This was to attempt to distinguish cells within multi-cell clumps although
this was not always accurate. Particles were then measured with the size greater than 15 pixels in
order to reduce counting debris. Results from Transwell assays were normalised to untreated cells in
the presence of serum free media. Manual cell counting was performed on immunostained images as
cell numbers were less due to a higher magnification used. To quantify stain, following
thresholding, the integrated density of the stain is measured and then manually divided by the
number of observed cells in the image. This was to account for variation in the number of cells
within the image as the intensity per cell can now be estimated. This workflow is slightly altered in the
images of the 3D spheroids where instead of manually counting cells, a region of interest
encapsulating the spheroid was drawn and integrated density was calculated within that region of
interest. This was similar to the technique used on images of lung slices where a region of interest

was drawn around the airway in each image at a consistent width either side of the epithelium. The
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intensity of stain within this region of interest was then calculated in order to control for images
with several airways or blood vessels. Imagel) was also used to measure the size of the scratches in
images from scratch assays. Again, the drawing tool was used to highlight a region of interest where

the scratch occurred in the image and the area of that region of interest was measured.

2.14 Bioinformatics

Data gained from online sources was included in this thesis due to being unable to access a wet lab
during the COVID-19 pandemic. The NCBI GEO (National Institutes of Health Gene Expression
Omnibus) database was searched for POSTN (the gene for periostin) and allergic asthma (Barrett et.
al.,, 2013). Once suitable data sets were identified, the data was searched for POSTN using the
Curated Dataset Browser which resulted in the readout displayed in this thesis. In addition, the IPF
Lung Atlas was used to further explore the expression of POSTN in fibrotic lungs (Neumark et. al.,
2020). The gene explorer tool was used on the individual data sets in order to search for POSTN and
this data could also be limited to cell type using the cell explorer. Further investigation into POSTN in
asthma was completed using the Wellcome Sanger Institute Lung Cell Atlas (accessed at
astma.cellgeni.sanger.ac.uk) (Vieira Braga et. al., 2019). The dataset of “Asthma airway atlas others”
was selected and POSTN was selected as the gene of interest. The readout of this is included within
this thesis. The interactions of POSTN was also investigated using the IntAct database by EMBL-EBI
(European Molecular Biology Laboratory — European Bioinformatics Institute) (Orchard et. al., 2013).

POSTN was searched and the human protein was selected. The readout was included in this thesis.
2.15 Statistical Analysis

All results are shown as mean + standard error of the mean. GraphPad Prism 8 was used for data
processing and statistical analyses. Differences were evaluated by one-way analysis of variance
(ANOVA) for multiple groups with the Tukey post hoc test, or by two-way ANOVA with Sidak's
multiple comparisons test. Differences were deemed to be statistically significant when a p-value

less than 0.05 was obtained (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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3.1 Introduction

In normal tissue pericytes reside around the endothelial cell layer of blood vessels. This connection is
mediated by peg and socket connections and modulation of cytokines within the microenvironment
(Sweeney et al., 2018)). There, pericytes are able to modulate various pathways such as angiogenesis
and vessel permeability (Bergers & Song, 2005). However, in fibrotic tissues it has been observed
that pericytes dissociate from the blood vessels and migrate towards the inflamed airway (Johnson
et al., 2015). This migration is a key event contributing to airway remodelling observed in asthma. By
migrating away from the blood vessels, the permeability of the vessel is increased which
dysregulates the cytokines in the microenvironment (Aguilera & Brekken, 2014). The movement of
cells towards the airways both thickens the smooth muscle layer surrounding the airways and
contributes to the resident myofibroblast population, thus furthering the excess deposition of ECM
proteins into the airway subepithelium (Chang et al., 2012). The mechanisms behind this migration,

however, are largely unknown.

In order to prevent the migration of pericytes using a drug, the initial triggers of this process must be
understood. For this reason, extensive study of the cellular environment which initiates the largest
increase in migration was carried out, using various growth factors and cytokines. TGF-beta has been
long linked to fibrotic microenvironments with some even concluding that it is one of the key
mediators of fibrosis (Biernacka, Dobaczewski & Frangogiannis, 2011). TGF-beta can stimulate many
different signalling pathways such as MAPK (Mitogen-activated protein kinases), PI3K
(phosphoinositide 3-kinase)/Akt and Rho, allowing it to have varying effects including the regulation of
ECM deposition, tumour cell migration and differentiation of fibroblasts into myofibroblasts
(Vasiukov et al., 2020, Muraoka et al., 2002, Thannickal et al., 2003). As increased ECM deposition,
cell migration and differentiation into myofibroblasts have all been linked to pericytes in the context of

fibrosis, TGF-beta was an obvious growth factor of interest.

EGF was explored mainly due to its role in angiogenesis and pericyte recruitment to blood vessels
(Stratman et al., 2010). As EGF is also thought to be increased in uncontrolled asthma and can be
measured in sputum samples, the increased concentration of EGF within the airways may contribute

instead to the recruitment of pericytes towards the airways where they can ten contribute to airway
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remodelling (Takamasu et al., 2011). As this contribution of EGF to pericyte migration is not fully

known, it was thought that EGF would be an interesting growth factor to explore.

Along similar lines to EGF, VEGF was also explored for its links to angiogenesis and pericyte
interaction with endothelial cells (Eilken et al., 2017). As pericytes both produce VEGF and carry the
receptor for VEGF it could be assumed that pericytes are highly sensitive to VEGF within the
microenvironment. Several studies have also implicated VEGF as a mediator for Th2 inflammation
and a factor effecting aspects of remodelling such as mucus metaplasia and subepithelial fibrosis via
the modulation of cytokines such as IL-13 (Lee et al., 2011). The direct implications of VEGF on

pericyte migration are still debated and so the inclusion of VEGF into this study was decided.

The expression of CXCL12 (also known as SDF-1) has been linked to the development and
progression of asthma, Studies have suggested that the increased expression of CXCL12 in asthmatic
lungs can lead to the inflammation of the epithelium and subsequent migration and proliferation of
smooth muscle cells (Wei, Chen & He, 2021). The receptor for CXCL12, CXCR4 can be found on
pericytes, therefore allowing pericytes to react to the increasing concentration of CXCL12, thus
indicating a potential role for CXCL12 in pericyte migration towards asthmatic airways (Hamdan,

Zhou & Kleinerman, 2014).

Macrophages are often implicated with exacerbating inflammation, especially in allergic asthma.
Both tissue-resident and bone marrow-derived macrophages contribute to the conditions of the
microenvironment by skewing towards an M2 phenotype (Draijer & Peters-Golden, 2017, Girodet et
al.,, 2016). This encourages the activation of Th2 cells as well as the production of inflammatory
molecules such as TGF-B (Abdelaziz et al., 2020). For this reason, a pilot study was performed
including healthy macrophages and damaged macrophages (in order to stimulate vesicle formation)

to see if they modulated cytokine release by pericytes and subsequently a change in migration.

Periostin is slightly different to the other factors explored in this chapter in that it is a matrikine. This
means that it is a bioactive peptide derived from the extracellular matrix (Burgess et al., 2021).
Matrikines have similar properties and structures to traditional cytokines and are often involved in
processes such as angiogenesis (Winkler et al., 2020). However, some studies have also highlighted
their induction of matrix metalloproteinases such as MMP-2 which has been shown to influence cell
migration (Winkler et al., 2020, Aguilera & Brekken, 2014). Periostin itself has been linked to allergic
asthma, with high serum concentrations of periostin being indicative of asthma severity and
eosinophilia (Takahashi et al., 2019). This link to asthma and to cell migration highlights the potential

effects of periostin on pericytes and therefore periostin was investigated within this study.
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Various forms of migration assays were utilised in order to obtain a broader view of pericyte
migratory capacity and the impact of inflammatory/profibrotic mediators on this ability. Transwell
assays were used as explained in Chapter 2, “Materials and Methods”. As a control, pericytes that
had previously been treated with growth factors were transferred to serum free DMEM and were
allowed to migrate towards a well containing serum free DMEM. The absence of an attractant

should show the innate capacity of the cells to migrate spontaneously without an initiating signal.

3.2 Results
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Figure 3.1 — There is no significant difference in pericyte migration towards serum free media measured with Transwell
assay following growth factor treatment. Transwell assay performed as stated in “Methods”. Pericytes were treated with 10
ng/ml of the corresponding growth factor for 7 days. Cells were then starved in DMEM without serum and put in the top of the
assay. The lower medium also contained DMEM without serum. After 24 h, membranes were collected and processed as in
“Methods”, with the cell counts being normalised to the unstimulated control cells. The resulting average of each condition
is shown. 15 counts were taken from 3 membranes per condition. “ns” indicates results were not significant to p<0.05
compared to untreated control by one-way analysis of variance (ANOVA) for multiple groups with the Tukey post hoc test.
Pink line represents the normalising control by one-way analysis of variance (ANOVA) for multiple groups with the Tukey post

hoc test.
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Although results were not significant to p<0.05, a trend was apparent between growth factor
treatments. There was a slight increase in migration of pericytes treated with VEGF and a slight
decrease in cells treated with TGF-B. It was expected that any difference seen was not significant as
serum-free medium does not encourage migration towards itself. The slight increase in migration
displayed by pericytes treated with VEGF, however, may indicate an increase in migratory capacity.
This was understandable as VEGF is increased during angiogenesis, where pericytes are recruited to

newly formed blood vessels and would therefore migrate.

Following this initial experiment, a universal attractant of foetal calf serum (FCS) was used which can
attract all cell types as it is required for growth. However, FCS is known to also contain many
different growth factors including EGF, PDGF and FGF, and although all FCS used was heat treated,
some growth factors may still remain and cause confounding effects (Naseer et al., 2009). Medium
containing 10% FCS was placed in the bottom well of the Transwell essay in order to encourage

pericytes to migrate through the membrane.
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Figure 3.3- Pericytes treated with TGF-8 migrate less towards media containing FCS than untreated pericytes. Transwell
assay performed as stated in “Methods”. Pericytes were treated with 10 ng/ml of the corresponding growth factor for 7
days. Cells were then starved in DMEM without serum and put in the top of the assay. The lower medium also contained
DMEM with 10% FCS. After 24 h, membranes were collected and processed as in “Methods”, with the cell counts being
normalised to the control cells in DMEM without serum in each experiment. The resulting average of each condition is
shown. 15 counts were taken from 3 membranes per condition. “**” indicates significance to p<0.01 compared to
untreated control by one-way analysis of variance (ANOVA) for multiple groups with the Tukey post hoc test. The pink line

represents the normalising control .

Overall, pericytes migrated more towards serum containing FCS than serum without FCS (see Figure
3.1 and 3.2). This can be seen as the untreated cells showed a 3.5-fold increase in migration when
migrating towards FCS compared to their migration towards serum free medium. Unexpectedly, the
cells treated with TGF-B prior to the migration assay migrated significantly less than the untreated
cells (p=0.0058). This was unexpected as previous research has suggested that TGF-B treatment
increases the migration of mesenchymal cells (Liu et al.,, 2019b, Zhao et al., 2016, Melzer et al.,

2017).
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As well as a universal attractant, a specific pericyte attractant was tested. PDGF-BB is a protein
secreted by endothelial cells and it mediates the connection between pericytes and endothelial cells.

Therefore, pericytes should migrate towards medium containing 300 pug/ml PDGF-BB.
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Figure 3.3 — There is no significant difference in pericyte migration towards media containing PDGF-BB measured with
Transwell assays following growth factor treatment. Transwell assay performed as stated in “Methods”. Pericytes were
treated with 10 ng/ml of the corresponding growth factor for 7 days. Cells were then starved in DMEM without serum and
put in the top of the assay. The lower medium also contained DMEM with 300 ug/ml PDGF-BB. After 24 h, membranes were
collected and processed as in “Methods”, with the cell counts being normalised to the control cells in DMEM without serum
in each experiment. The resulting average of each condition is shown. 15 counts were taken from 3 membranes per
condition. “ns” indicates results were not significant to p<0.05 compared to untreated control by one-way analysis of

variance (ANOVA) for multiple groups with the Tukey post hoc test. Pink line represents the normalising control.

The migration towards PDGF-BB shows a similar trend to the previous two migration studies (Figure
3.1 and 3.2). As with the migration without an attractant, the results are not significant to p<0.05
and yet show a slight difference between treatment groups. Overall, the pericytes migrated more

than those without an attractant but less than those migrating towards medium containing FCS.
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Again, as with all previous results, cells treated with TGF-B seemed to show a reduction in migration

compared to unstimulated cells.

To show the relative migration towards the three different attractants used, this data was presented

again in a separate graph.
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Figure 3.4 — Pericytes significantly migrated more towards media containing FCS than serum free media or media
containing PDGF-BB measured with Transwell. Transwell assay performed as stated in “Methods”. Untreated pericytes
were starved in DMEM without serum and put in the top of the assay. The lower medium also contained DMEM without
serum, DMEM with 10% FCS or DMEM with 300 ug/ml PDGF-BB. After 24 h, membranes were collected and processed as in
“Methods”, with the cell counts being normalised to the control cells in DMEM without serum in each experiment. The
resulting average of each condition is shown. 15 counts were taken from 3 membranes per condition. “****” = p<0.0001
compared to cells migrating towards serum free media by one-way analysis of variance (ANOVA) for multiple groups with

the Tukey post hoc test. Pink line represents the normalising control.

Figure 3.4 indicates that pericytes significantly migrated more towards FCS than PDGF-BB. This is to
be expected as FCS is a universal cell attractant, although it is unusual that pericytes did not migrate

significantly towards PDGF-B.
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These results were obtained by performing a Transwell assay. This assay is described in “Methods”
and results in the production of a membrane stained with DAPI which is imaged at 100x

magnification.

Treatment
Control TGF-B EGF VEGF

DMEM

Attractant

DMEM+PDGF DMEM+FCS

Figure 3.5 — Pericyte nuclei are clearly visible on Transwell membranes using a DAPI stain, Representative images of Transwell
membranes taken using widefield microscopy at 100x magnification. Transwell assays were performed as in “Methods” with cells
stimulated by 10ng/ml of either TGF-6, EGF, VEGF or without stimulation and migrated towards either serum free DMEM, DMEM
containing 10% FCS or DMEM containing 300ul/ml PDGF-B. Membranes were stained with DAPI and subsequent counts were taken
using ImagelJ. Scale bars = 200um.

Five images such as the ones shown in Figure 3.5 were taken and analysed per membrane. Image)
was utilised to identify single cells and enumerate the total cells on a membrane. This was achieved
by selecting an appropriate threshold to distinguish each cell. These “particles” were then measured
and the totals averaged in order to achieve the enumeration of the assays (Figures 3.1-3.3). As each
image from each condition varied in the number of cells, standard deviations were relatively high.
There was also a difference in the intensity of the DAPI signal between the different membranes.

This could be due to errors whilst handling the samples or natural variation between the cells.

The overall lack of significance along with the odd reduction in migration observed with cells treated
with TGF-B was postulated to be due to the culture medium. All growth factor treatments were
performed in pericyte medium, which is designed to preserve the stem cell properties of the cells
and prevent spontaneous differentiation. It is possible that this would prevent the growth factors

from inducing a change in morphology or expression patterns of the pericytes and therefore prevent
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a change in migration. Therefore a study was carried out to the effects of culturing in pericyte

medium as well as DMEM. Cells were grown in the stated medium prior to performing the assay.
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Figure 3.6 — Pericytes grown in pericyte media migrate more than those grown in DMEM. Transwell assay performed as in
"Methods". Cells were grown in either DMEM or pericyte medium (PM). All cells migrated towards either DMEM without
serum, with 10% FCS or 300ug/ml PDGF-B. The mean of 10 counts from 2 membranes per condition have been plotted.
“FEFX” = p<0.0001 compared to serum free pericyte medium control by one-way analysis of variance (ANOVA) for multiple

groups with the Tukey post hoc test.

Overall, cells that were grown in pericyte medium migrated more than those grown in DMEM, with
the condition that were grown in pericyte medium and migrated towards PDGF-BB showing
significantly more migration (p<0.0001). In general, again, cell migrated towards medium containing

FCS or PDGF-BB more than medium without serum. All cells represented in Figure 3.6 were
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unstimulated cells, although the same experiment was also repeated with cells stimulated with

10ng/ml TGF-P. Cells were treated in the relevant medium for 24 hours.
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Figure 3.7 — Pericytes grown in pericyte media and treated with TGF-8 migrate more than those grown in DMEM and
treated with TGF8. Transwell assay performed as in "Methods". Cells were grown in either DMEM or pericyte medium (PM)
and treated with 10ng/ml TGF-8 for 24 hours prior to the assay. All cells migrated towards either DMEM without serum,
with 10% FCS or 300ug/ml PDGF-B. The mean of 10 counts from 2 membranes per condition have been plotted. “***” =
p<0.01 compared to serum free DMEM control by one-way analysis of variance (ANOVA) for multiple groups with the Tukey

post hoc test.

As with unstimulated cells, those grown in pericyte medium migrated more than those grown in

DMEM. When compared to untreated cells in Figure 3.7, it is apparent that the migration towards
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PDGF-B by cells grown in pericyte medium is significantly reduced (p<0.0001). This may indicate that

TGF-B treatment prevents the cells from interacting with PDGF-B.

One of the events that occurs during fibrosis is the influx of macrophages to the inflamed tissue. For
this reason it was hypothesised that pericytes may respond to signals given out by these

macrophages and therefore may migrate towards them.
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Figure 3.8 — Untreated pericytes do not preferentially migrate towards either living or dead macrophages. Transwell assay
performed as in "Methods". Cells were grown in pericyte medium and migrated towards either DMEM without serum,
DMEM with living macrophages, or DMEM with UV-killed macrophages, both at 1 million cells per ml. The mean of 5 counts
from 2 membranes have been plotted. Results are a combination of 2 experiments. “ns” indicates results were not
significant to p<0.05 compared to the serum free control by one-way analysis of variance (ANOVA) for multiple groups with

the Tukey post hoc test.
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It was apparent that untreated cells failed to migrate significantly towards both forms of
macrophages. Unfortunately, both experiments displayed considerable variability and therefore no
results were significant. There was a slight increase in migration towards the macrophages
suggesting that untreated pericytes may interact with macrophages but not to a significant level.
Both live macrophages and dead macrophages were used in order to elucidate whether pericytes
would react in response to signals from healthy macrophages or pro-inflammatory cytokines or
reactive oxygen species released upon its death although these signals were not specifically explored in
this study (Chiarelli-Neto et al., 2023). The lack of significance may be due to the pericytes not
interacting with the macrophages or may just be due to a low concentration of macrophages and a
subsequent reduction in cytokines for the pericytes to react to. As control cells did not respond to
the macrophages significantly, further Transwells were performed to see if pre-treatment of cells

with growth factors would modulate the pericyte’s ability to respond to macrophage signals.

400- i

. * %k
it
= . v
3 300- = v
O v
)
3 v F
8} A
S a gl e VYV
§ .f A v
b al

4$$§

Treatment

Figure 3.9 — Treatment with VEGF or TGF-8 encouraged pericyte migration towards living macrophages. Transwell assay
performed as in "Methods". Cells were grown in pericyte medium and were treated with 10ng/ml of the corresponding
growth factor for 24 hrs and migrated towards DMEM containing living macrophages at 1 million cells per ml. The mean of 5
counts from 2 membranes have been plotted. Results are a combination of 2 experiments. “**” = p<0.01, “***” = p<0.001

compared to the control by one-way analysis of variance (ANOVA) for multiple groups with the Tukey post hoc test.
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Interestingly, there was a significant variation in the migration towards living macrophages with
different growth factor treatments. Pericytes that were treated with TGF-beta or VEGF migrated
more towards living macrophages. This may suggest that TGF-beta and VEGF treatment make
pericytes more susceptible to signals on macrophages or vesicles released by living macrophages.
The pericytes treated with EGF exhibited similar migration as those without treatment. Therefore

EGF is unlikely to affect the expression of macrophage interacting proteins in pericytes.

This assay was repeated using UV killed macrophages instead of living macrophages in order to see if

treatments induce a different response to macrophages which have been damaged.
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Figure 3.10 — There was no difference in the migration of pericytes towards dead macrophages following growth factor
treatments. Transwell assay performed as in "Methods". Cells were grown in pericyte medium and were treated with
10ng/ml of the corresponding growth factor for 24 hrs and migrated towards DMEM containing UV killed macrophages at 1
million cells per ml. The mean of 5 counts from 2 membranes have been plotted. Results are a combination of 2
experiments. “ns” indicates results were not significant to p<0.05 compared to the control by one-way analysis of variance

(ANOVA) for multiple groups with the Tukey post hoc test.
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The response of treated pericytes to dead macrophages was very different compared to living
macrophages. There was no significant difference in pericyte migration to dead macrophages
between each treatment. As there is a significant difference towards living macrophages, this
suggests that there is a difference in the signals produced by living and dead macrophages. This
could affect pericyte response in fibrotic tissue as the extent of fibrosis is associated with the state of
the macrophages. Also, the fact that pericytes respond to macrophage signals indicates that the
increased presence of macrophages in inflammation must be considered when combatting pericyte

migration.

In addition to receiving pro-fibrotic signals aid the pericytes capacity to migrate, they also must
respond to a signal which directs them to migrate towards the fibrotic tissue, in this case, the
inflamed airway. Méhle et al. first suggested that the CXCR4/CXCL12 gradient may be responsible for
attracting these pericytes by describing the migration of CD34+ progenitor cells we now know may
be pericytes (Mohle et al., 1998). CXCR4 is a receptor found on the surface of pericytes and it is
thought that the fibrotic microenvironment contains a greater concentration of CXCL12, thus

increasing migration. This was tested using recombinant CXCL12 as an attractant in Transwell assays.
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Figure 3.11 — There is no difference in migration towards serum free DMEM, FCS or CXCL12 by untreated pericytes.
Transwell assay performed as in "Methods". Cells were grown in pericyte medium migrated towards either DMEM without
serum, DMEM with 10% FCS or 500ng/ml of CXCL12. The mean of 5 counts from 2 membranes have been plotted. “ns”
indicates results were not significant to p<0.05 compared to the serum free control by one-way analysis of variance

(ANOVA) for multiple groups with the Tukey post hoc test.

Using both the universal cellular attractant and the ligand CXCL12 which is thought to be
unregulated in fibrotic tissue as well as in asthma, these Transwell assays suggest that healthy,
unstimulated pericytes do not freely migrate towards either attractant. Even though there is a slight
increase in migration towards FCS and to a lesser extent CXCL12, this was not significant. This may
either be due to the small sample size of the assay or due to the minimal migratory capacity of the
pericytes under normal conditions. In order for pericytes to migrate, these results suggest that they

may need to be pried in order to migrate toward an attractant.

To test this idea, these assays were repeated following stimulation with the

inflammatory/profibrotic mediator TGF-B in order to prime pericytes for migration.
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Figure 3.12 — Pericytes treated with TGF-8 migrate more towards medium containing CXCL12 and medium containing FCS
than serum-free medium. Transwell assay performed as in "Methods". Cells were grown in pericyte medium and treated
with 10ng/ml TGF-8 for 24hrs before they migrated towards either DMEM without serum, DMEM with 10% FCS or
500ng/ml of CXCL12. The mean of 5 counts from 2 membranes have been plotted. “*” = p<0.05, “****” = p<0.0001
compared to the serum free control by one-way analysis of variance (ANOVA) for multiple groups with the Tukey post hoc

test.

Pericytes treated with TGF-B significantly migrated towards both medium containing FCS (p=0.0108)
and medium containing CXCL12 (p<0.0001). The treatment with TGF-B caused an increased
migration to stimuli overall than untreated pericytes as more pericytes had migrated in Figure 3.12
than seen in Figure 3.11 which shows untreated cells. The stimulated pericytes showed a greater
amount of migration towards the CXCL12 attractant than both the control and the medium

containing FCS.
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Periostin is a molecule which is thought to interact TGF-B (Ashley et. al., 2017). It has been linked to
asthma in humans but its interaction with pericytes is yet unknown (Takahashi et al., 2019). Its
capacity to modulate the migration of pericytes was tested using Transwell assays and FCS as an
attractant to provide both signals theoretically needed to induce migration, both a priming signal

and a chemoattractant.
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Figure 3.13 — Pericytes treated with periostin migrate less towards medium containing FCS than untreated pericytes.
Transwell assay performed as in “Methods”. Cells were grown in pericyte medium and treated with 10 ng/ml of TGF-8
and/or 100 ng/ml of periostin for 48 hours. All cells migrated towards DMEM with 10% FCS. The mean of 5 counts from 2

wkn

membranes have been plotted. indicates significance of p<0.05 compared to cells treated with TGF-8 by one-way

analysis of variance (ANOVA) for multiple groups with the Tukey post hoc test.

Unexpectedly, treatment with periostin and treatment with combined TGF-B and periostin resulted

in a reduced pericyte migration towards FCS, with periostin treatment showing a significant decrease
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(p=0.0181). This was unusual as TGF-B treatment increased migration and periostin was thought to
crosstalk with TGF-B as well as activate similar pathways and therefore, theoretically, should have
also increased pericyte migration (Nanri et al., 2020, Ouanouki, Lamy & Annabi, 2018, Hu et al.,

2015).

In order to further investigate this phenomena a different pericyte specific attractant was tested to

see if the same phenomena would be observed.

400 -

E A

3 300-

o A

— [ |

@ i ° g

SH o E A
(=) EgH 1, v
© A

0 n A,a

= A

Treatment

Figure 3.14 — Pericytes treated with TGF-8 and periostin migrate less towards medium containing CXCL12 than untreated
pericytes. Transwell assay performed as in “Methods”. Cells were grown in pericyte medium and treated with 10 ng/ml of
TGF-8 and/or 100 ng/ml of periostin for 48 hours. All cells migrated towards DMEM with 500ng/ml CXCL12. The mean of 5
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counts from 2 membranes have been plotted. indicates significance of p<0.05 compared to cells treated with TGF-8 by

one-way analysis of variance (ANOVA) for multiple groups with the Tukey post hoc test.
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Similar to Figure 3.12 and Figure 3.13, Figure 3.14 shows that migration was reduced with periostin
treatment when compared to TGF-B. However, overall migration increased towards CXCL12. A
theory behind the unusual results outlined in Figure 3.12-3.14 is that periostin caused pericytes to
associate more strongly with each other via its cell adhesion role in wound healing and scar
formation and therefore produce large clumps which would be unable to squeeze through the 8um
pores in the Transwell membranes (Yokota et al., 2017, Michaylira et al., 2012). Also, if they were
able to make their way through the membrane, Imagel analysis would be unable to distinguish
between individual cells and would instead count several cells as a singular cell resulting in a lower

count. Therefore, this method requires optimisation or more advanced post processing.

To test this, images were taken of the Transwell membranes using DAPI to mark cell nuclei.

Figure 3.15 — Pericytes treated with TGF-8 pr periostin appear in clumps on Transwell membranes. Images show examples
of counts of pericytes migrating towards media with 10% FCS to demonstrate cell clumping observed in the treated
conditions. Cells were grown in pericyte medium and treated with 10 ng/ml of TGF-8 or 100 ng/ml of periostin for 48 hours.
Following transwell assay, cells were stained with DAPI and imaged at 100x magnification. Scale bars = 200um.

Figure 3.15 shows representative images of Transwell membranes after migration has occurred. It is
clear to see that there is an increased number of cells present when they were treated with TGF- or
periostin. However, the ImageJ analysis records a lower number due to the clumping of cells which
registered on the software as singular cells. Therefore, Transwell assays with subsequent analysis by

Imagel) may not be a suitable method for analysing pericyte migration at this concentration of cells.

As it was the movement of the pericytes through the membrane of the Transwell insert as well as
the limited surface area available to the cells which likely contributed to the clumping of the cells, an
additional method of migration analysis was used. Cells were prepared in a similar way as those used in
the previous experiments. Pericytes were cultured in pericyte medium containing various
treatments for 48 hours. This is to ensure the growth factors fully take effect on the cells. The cells
were then transferred to serum free DMEM in order to arrest cell proliferation and to ensure any
differences observed were due to migration rather than additional proliferation. A scratch was then

made in the monolayer, approximately 400um wide and the cells were left to migrate for 24 hours at
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37°C. The images taken before and after this incubation were analysed to determine the distance

the cells migrated in 24 hours.
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Figure 3.16 — Pericytes treated with TGF-8 or EGF migrate significantly more than untreated pericytes in scratch assays.
Scratch assay performed on pericytes that were grown in pericyte medium and treated with 10 ng/ml of TGF-8, EGF or
VEGF for 48 hours. Cells were transferred into medium lacking serum and a scratch was made in each monolayer using a
p200 pipette tip. Images were taken at 100x magnification immediately after scratching and at 24 hours later. The size of
the scratches were determined using Imagel and average % wound closure was calculated. Data from 3 independent
experiments, containing 5 or 10 technical replicates per experiment, normalised to the untreated cells. N=25, “***” =
p<0.001, “****” = p<0.0001 in respect to untreated cells. Pink line represents the normalising control. Inset contains
representative images from the scratches taken for reference by one-way analysis of variance (ANOVA) for multiple groups

with the Tukey post hoc test. Scale bars = 1000um.
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A significant increase in migrating cells was observed in all treated cells compared to untreated
cells, with the greatest migration observed with both TGF-B treatment and EGF treatment (both
p<0.0001, VEGF = p=0.0145). This reflects results shown by others, as both TGF-B and EGF are
thought to encourage migration of mesenchymal stem cells. As this was observed using a scratch
method but not with the Transwell method it can be suggested that the TGF-B treatment in
particular had altered the cells so they were unable to pass through the membrane rather than
reduce the migration ability of the cells. This data supports the idea of targeting TGF-B or EGF
pathways to prevent pericyte migration during fibrosis. The large size of the error bars in all
treatment groups in Figure 3.16 is likely due to natural variation between experiments as some
natural slight variation of confluence was present, especially as some treatments encourage
proliferation. However, due to the large number of repeats, these results were statistically

significant.

This method was also repeated to investigate the effect of treatment with periostin and PDGF-B.
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Figure 3.17 — Pericytes treated with periostin migrate significantly more than untreated pericytes in scratch assays. Scratch
assay performed on pericytes that were grown in pericyte medium and treated with 100ng/ml periostin or 300ug/ml PDGF-B
for 48 hours. Cells were transferred into medium lacking serum and a scratch was made in each monolayer using a p200
pipette tip. Images were taken at 100x magnification immediately after scratching and at 24 hours later. The size of the
scratches were determined using ImageJ) and average difference in sizes were calculated. Control data from 3 independent
experiments (5 or 10 technical replicates per experiment), periostin data from 2 independent experiments (9 or 10 technical
replicates per experiment), PDGF-B data from 1 experiment. All data normalised to the untreated cells from that
experiment. nControl=25, nPeriostin=19, nPDGF-B=4 “**” = p<0.01 in respect to untreated cells by one-way analysis of

variance (ANOVA) for multiple groups with the Tukey post hoc test.

Much like previous treatments with TGF-B, EGF, and VEGF, treatments with periostin and PDGF-B
also encourage migration. Both of these treatments, however, seem to increase migration less than
was observed with TGF-B or EGF treatments. With periostin treatment yielding significant results
(p=00036) and PDGF-B treatment being almost significant (p=0.1334) however, does suggest that
the targeting of both of these pathways by inhibitory molecules may yield positive results in

reducing pericyte migration during fibrosis.

In order to explore the migration of pericytes in a more complex environment, a method was tested

which allowed the interaction between three cell types found in the airway: endothelial cells,
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epithelial cells, and pericytes. 0.45um Transwell inserts were inverted, and the outer membrane was
coated with gelatine. At the same time standard round coverslips were placed in a 24 well plate and
were also coated in gelatine. Endothelial cells or epithelial cells were then seeded on each surface
and allowed to grow for 48 hours. During this time, pericytes were treated with TGF-B for 48 hoursin
separate flasks. After 48 hours the surfaces were combined into the wells as shown in Figure 3.17, and
the pericytes were transferred into serum free medium and added to each well. This was
supposed to indicate if there was a bias in the direction which the pericytes would migrate in fibrotic
conditions compared to healthy conditions. Rather than with Transwell assays which tested the
ability of pericytes to migrate toward specific chemoattractants, this method demonstrated if there
was anything intrinsic to the cells themselves that influenced migration, such as cell surface proteins.
Both orientations of the cells were included in order to negate the effect of gravity. It was
hypothesised that pericytes treated with TGF-B would be observed on the surfaces containing
epithelial cells compared to those containing endothelial cells and vice versa for the untreated
pericytes. This was because in fibrotic airways pericytes migrate away from the endothelium

towards the epithelium.

Pericytes added in media
covering both surfaces

Gelatin coated coverslip

Gelatin coated well insert with endothelial cells

with epithelial cells W [

) ) Gelatin coated coverslip
Gelatin coated well insert with epithelial cells

with endothelial cells - i’.

Figure 3.18 - Graphical depiction of method used to construct wells for the dual surface assay

Pericytes added in media
covering both surfaces

However, this method did not obtain any meaningful results. Robust markers for pericytes (NG2)

were unavailable at the time of this study due to supply issues and the PDGFR antibody used did not
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work as desired. This resulted in being unable to tell where the pericytes migrated as highlighted in

Figure 3.19.

A549 TOP HUVEC TOP

" HUVEC BTM A549 BTM

Figure 3.19 — The method for the dual surface assay does not yield interpretable results. Inmunostaining performed on cells
assayed as described in Figure 3.18. All cells were untreated. Cells were stained with an anti-CD31 antibody (green), an anti-

PDGFR8 antibody (red) and the nuclear stain DAPI (blue). Images were taken at 400x magnification. Scale bar = 100um.

These images are an example of what was seen in all wells of the experimental plate. The PDGFR]
pericyte stain did not behave as expected and therefore it was impossible to identify which cell layer
the pericytes preferentially chose to migrate to. It is also possible that the pericytes did not bind to
either surface as they were only given 24 hrs to adhere. If this method is to be used in the future it

should undergo extensive optimisation in order for the visualisation of pericytes to be possible.

More optimisation needs to be done considering this method in order to establish ideal culture
durations and cell concentrations. A variety of different stains should also be explored to find the
best staining profile in order to highlight all three of the cell types. In addition, pre-staining the
different cell populations may allow easier tracking through the membranes as differences in cell

types would be more distinct. Other assays may also be modified to explore this directional effect,

R.E. Bignold, PhD Thesis, Aston University, 2022 45



such as using live cell imaging or employing matrix such as Matrigel in order to establish a more

robust area for migration.

3.3 Discussion

Overall, the exploration into the migration of pericytes under fibrotic conditions is an important
platform on which further research into the impact of inflammatory mediators in asthma can be
based. Although, in this chapter, migration of pericytes away from blood vessels and towards the
airway wall is framed as a detrimental effect, there are circumstances where this movement would be
advantageous. Pericytes are known to play roles within wound healing as a stationary component of
the vessel wall such as the management of the clotting cascade and infiltration of immune cells such
as macrophages (Bodnar et al., 2016). In addition, as tissue remodelling is a key event in wound
healing, it may be that pericytes migrate to areas of injury, for example in the airway wall, and
contribute to maintaining structural stability through the production of ECM proteins (Deigelmann &
Evans, 2004). However, as pericytes leaving the vasculature often increases vascular permeability
and dysregulation, this may lead to an influx of immune cells and an exacerbation of the
inflammation (Ferland-McCollough et al., 2017). Nevertheless, it is important to acknowledge that
not all pericyte migration may be detrimental and therefore inhibitors that prevent all migration of

pericytes should be avoided.

Of the growth factors that were explored, TGF-B was shown to produce a robust increase in pericyte
migration in scratch assays. This result was not seen in Transwell assays due to experimental
constraints. This highlights the importance of using a diverse range of methods to explore migration
as certain treatments or natural characteristics of the cells may impact results. Both EGF and VEGF
was also shown to increase migration of pericyte, although not as much as TGF-B. This indicates that
a complex interplay between various growth factors, cytokines, and chemokines in the
microenvironment of the fibrotic airway is likely to contribute to the increased pericyte migration
observed previously in vivo (Johnson et al.,, 2015, Kemp et al.,, 2020). In addition, periostin, a
profibrotic matrikine, was briefly explored. This was pinpointed as a possible contributor to
migration as it has been suggested to work alongside TGF-f to contribute to tissue fibrosis (Ashley et.
al., 2017). The results of both the Transwell assays and the scratch assays suggest that treatment with
periostin yields similar results to treatment with TGF-B, such as the increased migration of
pericytes in scratch assays (Figures 3.15/3.16) as well as the cell clumping observed on Transwell
membranes (Figure 3.15). Periostin, therefore, may become a key target in reducing pericyte
migration in allergic asthma (Bignold & Johnson, 2021a, Wu et al., 2018). The increased pericyte
migration observed towards both living and dead macrophages is also an area which may be fruitful to

explore. This apparent attraction suggests that macrophages may release important cytokines

R.E. Bignold, PhD Thesis, Aston University, 2022 46



within extracellular vesicles which encourage migration upon their arrival at inflamed tissue (Wang
et al., 2020). However, as this is an incredibly complex system, it falls beyond the scope of this thesis,

although it would likely be a fruitful avenue to pursue.

Treatment times were altered throughout these experiments, building on optimisation done by
other members of the lab. For example, the 7-day treatment with TGF- shown in Figures 3.1-3.3
was changed to 24 hours in Figure 3.7. This was in order to investigate the unusual effect of a
reduction of migration following TGF-B treatment which literature suggests is thought to increase
migration (Liu et al., 2019b, Zhao et al., 2016, Melzer et al., 2017). This optimisation should be
further explored by continuing to test various concentrations and time scales of growth factor
treatments. Figure 3.3 suggests that treatment with TGF-p reduced the pericytes ability to respond to
PDGF-BB. The cause of this is yet unknown although it may be due to the differentiation brought on
by TGF-B and the subsequent increase in PDGFRa expression in fibrotic myofibroblasts (Bonner,
2004). However, this is also unusual, as TGF-B treatment has also shown to upregulate expression of
PDGFRPB and therefore would make the pericytes more reactive to PDGF-BB (Andrae, Gallini &
Betsholtz, 2008). Therefore, it is likely that this unusual result is down to poor method. Figures 3.12,
3.13 and 3.14 involved pericytes migrating towards CXCL12. CXCL12 is normally produced within the
bone marrow in order to maintain the hematopoietic stem cell population (Rankin, 2012). However, in
fibrotic lung diseases, damage to epithelial cells have been shown to increase the expression of
CXCL12 which then encourages the migration of mesenchymal stem cells to the site of injury (Xu et
al., 2006). Studies have also shown a strong expression of CXCL12 in the lumen of fibrotic airways as
well as within the smooth muscle layers (Jaffar et al., 2020). The receptor for CXCL12, CXCR4 is
present on several different cell types including epithelial cells, myeloid cells and importantly,
pericytes (Jaffar et al., 2020, Xiang et al., 2019). Xiang et al. demonstrated that untreated pericytes
expressed CXCR4 but that this expression can be increased, in this case, via treatment with PDGF-BB
(Xiang et al., 2019). This suggests that pericytes do not need to be primed in order to express CXCR4
and therefore respond to CXCL12, but that this expression can be modulated through growth factor

treatments.

Figure 3.15 highlights a distinct flaw in the methodology used for some experiments within this
chapter. Both Imagel and traditional manual methods could not distinguish between different cells
within the large clumps seen in Figure 3.15. This flaw was avoided by changing method of measuring
migration but could also be aided by the use of artificial intelligence (Al). Several groups have started
to harness Al in image analysis due to its high throughput nature and ability to consistently perform
(Morelli et al., 2021). Unfortunately, to harness the power of Al, a high level of computing power

and technical knowledge would be needed which was not available within this project.
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Ideally more work should also be completed relating to the migration of pericytes, as much of the
methodology used was not ideal, due to the variation between experiments and between methods.
The conditions used in the scratch assay experiments should be observed using live cell imaging
methods which were unavailable at the time these experiments were undertaken (Pijuan, et al.,
2019). This would allow the observation of the migration and would show the optimum time these
experiments should be incubated. It would also allow the speed of the migration to be calculated
which would likely vary between treatments due to the differences in cell metabolism in response to
the treatments. In order to decrease the variation between scratch assays, the formation of the
scratch could be automated by utilising well inserts which have a built-in cell-free space, produced by
Ibidi (Huang et al., 2019). This would ensure the wound size started out at a consistent size and would
prevent the cell damage and build up of dead cells resulting from making a physical scratch through
the cell monolayer. Including these extra methods would solidify the results observed in this chapter
and further highlight the avenues that can be explored further in order to reduce pericyte migration

in allergic asthma and thereby have a positive impact on lung structure and function.

The implications of exploring mediators such as growth factors and cytokines as drivers of pericyte
migration is to highlight possible targets for intervention in order to reduce the abhorrent pericyte
migration seen in fibrotic airways (Johnson et al., 2015). One of the key findings in this chapter is the
effect of CXCL12. Movement of pericytes towards CXCL12 had not previously been explored and
therefore is further discussed in Chapter 6 and in the accompanying published research paper
(Bignold et al.,, 2022). To further study how growth factor treatments affect the sensitivity of
pericytes to CXCL12, the expression of CXCR4 on pericytes following treatments with various growth
factors should be explored via immunostaining or flow cytometry, as this may indicate the
mechanism behind the interactions with CXCL12. In addition to growth factors, pericytes
experienced increased migration in the presence of macrophages. This also may be linked to the
CXCL12 axis as macrophages are known to be a source of CXCL12 especially in fibrotic tissue such as
within tumours (Sanchez-Martin et al., 2011). However, this conclusion cannot be specifically drawn as
factors produced by the macrophages in these experiments were not explored. This would be an
interesting avenue of further study as the cross-talk between pericytes and macrophages
undoubtedly has wide-reaching effects within fibrotic tissue. Another interesting aspect of growth
factor treatment is its effect on the extracellular matrix composition, in particular TGF-B and
periostin as both are known to exacerbate extracellular matrix deposition in lung fibrosis (O’Dwyer &
Moore, 2017). However this is beyond the scope of this thesis and is currently being investigated as

part of another research project within our lab.
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Chapter 4 — Matricellular Protein Periostin Promotes Pericyte
Migration in Fibrotic Airways and Can Be Abrogated By
Cinnamaldehyde

4. 1Introduction

Allergic asthma is a common, yet complex condition involving the constriction of airways, airway
wall thickening and overall reduction in airflow and increased airway hyperresponsiveness. The
pathophysiology of asthma can be categorised by three aspects of airway remodelling: mucus
hyperplasia, airway smooth muscle alterations, and deposition of extracellular matrix (ECM)
proteins. The causes of remodelling are a much contested topic, but the general consensus is that
myofibroblasts are responsible for the accumulation of contractile elements and ECM proteins in the
airway wall. Pericytes are mesenchymal progenitor cells associated with the tissue microvasculature,
and have been shown in organ fibrosis of varying aetiology to be a primary source of myofibroblasts.
(Johnson et al., 2015, Kuppe et al., 2021, Xavier et al., 2017 Picoli et al., 2019, Birbrair et al., 2014,
Hannan et al., 2020). In healthy tissue, pericytes maintain the structure and function of blood vessels
and help control the transport of cells and molecules in and out of the vasculature (Ribatti, Nico &
Crivellato, 2011). However, during fibrosis driven by inflammatory cytokines such as TGF-B and as
observed in allergic asthma, pericytes have been observed to uncouple from capillaries within the
airway wall and accumulate within and around airway smooth muscle bundles, with elevated
expression of the myofibroblast marker a-smooth muscle actin (a-SMA) and a demonstrable
contribution to airway hyperactivity in an allergen-driven model of allergic asthma (Johnson et al.,
2015). N-cadherin antibodies were also used to observe myofibroblast characteristics and migratory
capacity of pericytes (Shenoy, et al., 2016). Additionally, pericytes are also thought be the prime
source of ECM proteins in the lung (both through their contribution to the myofibroblast population
and the secretion of proteins themselves) and are major contributors to several different fibrotic
lung conditions such as pulmonary fibrosis and interstitial lung disease (Yamaguchi et al., 2020, Su et

al., 2021, Hung et al., 2013, Bagnato & Harari, 2015).

The complex interplay between inflammatory mediators that results in the uncoupling and migration
of pericytes is an important area of investigation. By identifying the main driving force in this
process, pericyte migration could be inhibited or even prevented, leading to improved lung function in
allergic asthma. One inflammatory mediator that deserves attention is this regard is periostin,

which is an extracellular matrix-derived bioactive peptide (matrikine) that has recently been
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implicated in Type 2-mediated tissue fibrosis (Burgess et al., 2021). Periostin is a matricellular
protein that was first identified as a cell adhesion protein in 1993 (Takeshita et al., 1993). However,
it is widely now associated with fibrosis and other pro-fibrotic cytokines. It has strong links with
allergic asthma, with high serum levels of periostin being used as a biomarker of asthma severity as
well as other fibrotic lung conditions including IPF where blood periostin levels can predict the
progression of the disease and is elevated in the lungs of various other ILDs (interstitial lung
diseases) such as usual interstitial pneumonia (Takahashi et al., 2019, Naik et al., 2012, Okamoto et
al., 2011). It has also been strongly linked to TGF-B, one of the most infamous pro-fibrotic cytokines, as
a co-regulatory relationship has been suggested between these two mediators (Ashley et al.,
2017). The effects of periostin were also abrogated via targeting the induction of periostin

production, IL-13, by a potent inhibitor, cinnamaldehyde (Mitamura et al., 2018).
4.2 Results

Initially, several online databases were searched in order to establish the significance of periostin in
several fibrotic lung diseases and to observe whether the gene for periostin expression, POSTN, is

upregulated.
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Figure 4.1 — The gene for periostin in increased in humans with allergic asthma. periostin gene expression data obtained
from RNA from biopsies performed by Chamberland et. Al. Data accessible at NCBI GEO database (Edgar, Domrachev &
Lash., 2002), accession GSE41649 (Chamberland et. al., 2009).

An expression profile was constructed from an array performed on the bronchial biopsies of patients
with allergic asthma. The transformed counts of POSTN for 3 of the 4 patients with asthma was

higher than the control.
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Figure 4.2 — The gene for periostin is increased in wild type mice given HDM but not in IL-13 knockouts. Gene expression
data obtained from mouse lung tissue. The mice were either wild-type or IL-13 knockout which were treated with either
house dust mite or a control. Data accessible at NCBI GEO database (Edgar, Domrachev & Lash, 2002), accession

GSE1301.

This dataset indicates that POSTN RNA is dependent on IL-13 as all mice which were unable to

produce IL-13 had a vast reduction in POSTN RNA. There was a little difference in POSTN RNA in wild

type mice with those treated with HDM having a slightly higher expression than the control treated

mice.
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Figure 4.3 — The increase and decrease of gene expression in IPF lungs compared to healthy lungs using single cell RNA-seq.

The purple asterisk indicates POSTN. Data obtained from IPF Cell Atlas and Adams et al. (Neumark et al., 2020, Adams et al.

2020).

Figure 4.3 indicates the genes which are upregulated and downregulated in lung vascular endothelial
cells with idiopathic pulmonary fibrosis. The purple asterisk shows that POSTN is strongly

upregulated in IPF endothelial cells than the control endothelial cells.
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Figure 4.4 — The gene expression of periostin in lungs with interstitial lung disease compared to healthy lungs using single-
cell RNA-sequencing. All data obtained from IPF Cell Atlas and Habermann et al. (Neumark et al., 2020, Habermann et al.,
2020)

Figure 4.4 highlights the expression of POSTN in each cell type in ILD lungs vs healthy lungs. In
myofibroblasts and endothelial cells POSTN expression is relatively high in healthy lungs compared to

other cell types. This expression only increased further in the ILD lungs.
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Figure 4.5 —The expression of POSTN in asthmatic lung cell types using single-cell transcriptomics. All data obtained from

the Wellcome Sanger Institute Cell Atlas (https://asthma.cellgeni.sanger.ac.uk/, Regev et al., 2017)

Figure 4.5 shows that POSTN expression is clustered in the activated endothelium and in fibroblasts in

particular. Expression in both of these areas is higher in asthmatic lungs than in the control lungs.

There is very little POSTN expression in the other cell types tested although, in general, all

expression of POSTN was higher in asthmatic lungs except in dendritic cells and neutrophils in which is

it the same as in control lungs.
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Figure 4.6 — Protein interactions of periostin. Data obtained from IntAct database by EMBL-EBI which includes many
different data sets using a variety of methods such as pull-down affinity chromatography, confocal microscopy and anti bait

coimmunoprecipitation (Orchard et al., 2013).

Figure 4.6 shows several protein interactions periostin is thought to have. It shows there are strong
links between periostin and TGF-B 1 through co-localisation and physical interaction. Most of the
other proteins mentions are involved with the transport of proteins across membranes. The
interactions with TGF-B were determined by anti-bait co-immunoprecipitation, pull down and

confocal microscopy methods.

Taken together, this bioinformatics assessment highlighted the importance of the gene encoding
periostin in various fibrotic lung conditions such as ILD and IPF. Thus, we elected to assess periostin
expression in pericytes in response to fibrotic stimuli in order to simulate fibrotic conditions and
observe the effect of the protein periostin on pericytes. We performed this by utilising scratch
assays, immunostaining and ELISAs in order to observe periostin levels and its effect on the

migration of pericytes.
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After 24 hrs

Figure 4.7 — Pericytes migrate into the cell free space more when treated with TGF-8 or
periostin. Representative images from scratch assay performed on pericytes that were grown
in pericyte medium and treated with 10 ng/ml of TGF-8, 100ng/ml of IL-13 or 100 ng/ml of
periostin for 48 hours. Cells were transferred into serum-free medium and a scratch was made
in each monolayer using a p200 pipette tip. Images were taken at 100x magnification
immediately after scratching at 24 hours later. N=6, representative of 2 independent
experiments. Scale bar = 400um.

The representative images selected from the scratch assay show that all pericytes exhibit migration
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after 24 hours irrespective of their treatment. However, it was also apparent that treatment with
TGF-B, periostin or IL-13 increased the ability of pericytes to migrate and therefore resulted in a
smaller wound after 24 hours. The images also show that there may have been increased cell death
in the TGF-B and IL-13 conditions due to the increased number unadhered cells present following
the 24-hour incubation. This may have increased the size of the wound as cells were removed,

although the wound still had a clear boundary which allowed it to still be measured accurately.
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Figure 4.8 — Pericytes migrate more when treated with either TGF-8 or periostin. Scratch assay performed on pericytes that
were grown in pericyte medium and treated with 10 ng/ml of TGF-8, 100 ng/ml of IL-13 or 100 ng/ml of periostin for 48
hours. Cells were transferred into serum-free medium and a scratch was made in each monolayer using a p200 pipette tip.
Images were taken at 100x magnification immediately after scratching at 24 hours later. The size of the scratches were
determined using Image) and percentage wound closure was calculated. n=6 from 2 independent experiments (each

wkn

consisting of 3 technical replicates), “**” = p<0.01, = p<0.05 vs. untreated cells by one-way analysis of variance

(ANOVA) for multiple groups with the Tukey post hoc test.

Figure 4.8 shows the numerical analysis of the images that were represented in Figure 4.7. It shows
that treatment with TGF-B or periostin significantly increased the migration of pericytes compared

to the untreated pericytes (p=0.0154, p=0.0277). However, the IL-13 treatment only slightly
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increased migration and therefore the results were not significant. As the pericytes were incubated
in serum free medium, cell proliferation is arrested and therefore any increase in cell mass in the
wound is likely to be from pericytes which have moved into the area. Data from previous
experiments (in Chapter 3) were chosen not to be included within this analysis, allowing this data to

not require normalisation.

As well as scratch assays, Transwell assays were also utilised to explore the migration of pericytes in
response to periostin. Serum free was used to simulate non-directional movement and FCS was then
added in order to attract the pericytes. Pericytes treated with TGF-B and untreated cells significantly
migrated more towards FCS rather than serum free medium (p=0.0018, p=0.0151). However,
treatment with periostin did not induce an increase in migration, even towards medium containing

FCS.
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Figure 4.9 -Treating pericytes with periostin did not increase their migration towards either serum free medium or
medium containing FCS in Transwell assays. Transwell assay performed on pericytes that were grown in pericyte
medium and treated with 10 ng/ml of TGF-6 or 100 ng/ml of periostin for 48 hours. All cells migrated towards either
DMEM without serum or DMEM with 10% FCS. The mean of 5 counts from 2 membranes have been plotted. Images
show examples of counts of cells migrating towards media with 10% FCS to demonstrate cell clumping observed in
the treated conditions. “**” = p<0.01, “*” = p<0.05 to serum free cells by two-way ANOVA with Siddk's multiple
comparisons test.
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It is well documented that periostin can be produced by epithelial cells in vivo and therefore we also

assessed the periostin expression by pericytes in vitro.
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Figure 4.10 — TGF-8 or periostin treatment increases the expression of periostin by pericytes. Immunostaining performed on
pericytes grown in pericyte medium and treated with 10 ng/ml of TGF-8 or 100 ng/ml of periostin for 24 hours. Cells were
stained with an anti-periostin antibody (green) and the nuclear stain DAPI (blue). Images were taken at 400x magnification.
Negative control contains just the secondary antibody and DAPI to control for non-specific binding. Scale bars = 100um
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Cultured pericytes were treated with pro-fibrotic cytokines TGF- and periostin in order to simulate
the conditions of fibrosis seen in allergic asthma. Untreated pericytes are shown to spontaneously
produce low levels of periostin. These images show that this production is increased with the
treatment of TGF-B and periostin. There is a similar number of cells in each image although this

slight natural variation was reduced by calculating the expression of periostin per cell.
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Figure 4.114 — Treating pericytes with periostin increases their expression of periostin. Immunostaining performed on
pericytes grown in pericyte medium and treated with 10 ng/ml of TGF-6 or 100 ng/ml of periostin for 24 hours. Cells were
stained with an anti-periostin antibody (green) and the nuclear stain DAPI (blue). Images were taken at 400x magnification
and intensity of periostin stain was calculated with ImagelJ. Intensity of stain per field of view was divided by the number of
cells in order to determine periostin expression per cell.”*” = p<0.05, n=5, by one-way analysis of variance (ANOVA) for
multiple groups with the Tukey post hoc test.

Following morphometric analysis by Image J of images including those seen in Figure 4.10, Figure
4.11 shows that periostin treatment significantly increased periostin production compared to the

control (p=0.0205), although TGF-B treatment increased periostin production almost as much. The
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insignificance of the TGF-B treated group (p=0.165) is likely due to the larger spread of the data,

which could be solved by performing more repeats.
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Figure 4.12 — Periostin and CD146 positive cells form a robust ring around airways that were exposed to HDM. Female C57/Bl6 mice (6-8 weeks old) were
exposed to either sterile PBS (10 uL) or house dust mite extract (HDM; 25 ug in 10 uL) five days a week for 5 consecutive weeks. At the end of the
protocol, lung sections obtained from PBS control and HDM-exposed mice were stained with an anti-periostin antibody (green), an anti-CD146 antibody
(red) and the nuclei stain DAPI (blue). Images were taken at 400x and 630x magnification as stated. White arrows indicate periostin and CD146 positive
cells. Blue arrow indicates periostin present in the epithelium. “AW” = airway. Scale bars = 300um.

Fibrotic lung tissue has been shown to exhibit increased levels of periostin expression, as compared
to healthy control lungs. These fibrotic lungs also showed aspects of remodelling including thickened
smooth muscle. This can be seen visually in Figure 4.12, which shows a robust ring of cells within the
subepithelium which stained strongly for periostin as well as CD146, a pericyte marker. This ring of
cells was not present in any of the lungs which had not been exposed to HDM. Conversely, PBS
treated lungs showed a very low level of periostin expression overall. Periostin is also clearly visible
within the epithelial cells surrounding the airways which has also been previously described by

several studies including Burgess et al. (Burgess et al., 2019).
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Figure 4.13 - Periostin and PDGFR8 positive cells form a robust ring around airways that were exposed to HDM. Female
C57/BIl6 mice (6-8 weeks old) were exposed to either sterile PBS (10 uL) or house dust mite extract (HDM; 25 ug in 10 ulL) five
days a week for 5 consecutive weeks. At the end of the protocol, lung sections obtained from PBS control and HDM-exposed
mice were stained with an anti-periostin antibody (green), an anti-PDGFRB antibody (red) and the nuclei stain DAPI (blue).
Images were taken at 100x and 400x magnification as stated. White arrows indicate periostin and PDGFRB8 positive cells. Blue

arrow indicates periostin present in the epithelium. Scale bars = 300um

Figure 4.13 corroborates the results shown in Figure 4.12. Again, a robust layer of periostin positive
cells is observed around the fibrotic airway wall and is also positive for a pericyte marker, in this case
PDGFRB. This suggests these cells are pericytes. There is also periostin signal once again present in
the epithelium in addition to the layer of cells within the airway wall. The magnification of the
images in Figure 4.13 is not as large as that shown in Figure 4.12 and so it is harder to see the exact
location of the stains. The quality of the tissue is also not as good and therefore there is minimal
basement membrane surrounding the airway to observe the surrounding area. This also makes it

difficult to observe other aspects of remodelling although these mice did show symptoms of
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respiratory distress following exposure to HDM. The negative control, PBS treated lung tissue, also

has airways without this strong double positive layer of cells.
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Figure 4.14 — HDM-exposed lung tissue expressed significantly more periostin than PBS tissue. Female C57/Bl6 mice (6-8
weeks old) were exposed to either sterile PBS (10 uL) or house dust mite extract (HDM; 25 ug in 10 ul) five days a week for 5
consecutive weeks. At the end of the protocol, lung sections obtained from PBS control and HDM-exposed mice were
stained with an anti-periostin antibody (green) and the nuclei stain DAPI (blue). Images were taken at 400x and 630x
magnification as stated. Arrows indicate periostin positive cells. Expression of periostin was calculated in the area of
interest around each airway using Imagel). “**” = p<0.01, n=3 , by one-way analysis of variance (ANOVA) for multiple

groups with the Tukey post hoc test.

The images from the previous experiment were analysed with Imagel. A region of interest was
selected at a consistent distance around the airways. This confirmed that lungs that were exposed to
HDM had significantly higher expression of periostin than control lungs given PBS (p=0.0012). A
triple stain could be performed with a pericyte marker in order to confirm the identity of the

periostin positive cells.
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Figure 4.15 — BAL from HDM-exposed mice contained slightly more secreted periostin than PBS
mice. Female C57/BIl6 mice (6-8 weeks old) were exposed to either sterile PBS (10 uL) or house dust
mite extract (HDM; 25 ug in 10 ul) five days a week for 5 consecutive weeks. At the end of the
protocol, bronchoalveolar lavage samples were harvested. The periostin content of the lavage fluid
was assessed via ELISA. Results were not significant tp p<0.05, by one-way analysis of variance
(ANOVA) for multiple groups with the Tukey post hoc test
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Fluid obtained from HDM treated mice via bronchoalveolar lavage was assessed with a periostin-
specific ELISA to test for serum periostin concentration. HDM lavage contained slightly more
secreted periostin than control PBS mice although this was not significant. This may be due to the
natural variation in biological systems as there is a wide range of data in the HDM condition. The R?

value is very close to 1 which suggests the assay was performed accurately.
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Figure 4.16 — IL-13 treatment caused pericytes to secrete significantly more periostin than other
cytokines. Cultured pericytes were treated with 10ng/ml TGF-8, 10ng/ml EGF, 10ng/ml VEGF,
100ng/ml IL-13 or 100ng/ml Periostin in pericyte medium for 7 days before the supernatant was
harvested. The periostin content was assessed using an anti-periostin ELISA kit. “****” =
p<0.0001, n=3, by one-way analysis of variance (ANOVA) for multiple groups with the Tukey
post hoc test.
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ELISAs were utilised to measure the free periostin protein levels produced by treated cultured
pericytes. Various growth factors were explored in order to examine the relationship between
cytokines which are thought to be involved in inflammation and fibrosis and periostin. Most growth
factor treatments did not induce the production of free periostin in cultured pericytes as
supernatants from pericytes treated with TGF-B, EGF, VEGF and periostin contained the same
concentration of periostin as the supernatant from untreated cells. Conversely, the supernatants
from pericytes treated with IL-13 contained a greatly increased concentration of periostin, an almost

sevenfold increase. Control
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Figure 4.17 -Periostin expression by pericytes peaked at around 3 days of TGF-8
treatment. Imnmunostaining performed on pericytes grown in pericyte medium and
treated with 10 ng/ml of TGF-6 for 24, 48, 96, 168 or 216 hours. Cells were supplemented
with TGF-8 every 2 days to maintain the treatment. Cells were stained with an anti-
periostin antibody and intensity of periostin stain at 400x magnification was calculated
with ImagelJ. Intensity of stain per field of view was divided by the number of cells in order
to determine periostin expression per cell. Results were normalised to 24 hours of TGF-8
treatment. n=1-2, all results are not significant . Inset includes representative staining
images. Scale bars = 100um.

Various time points were explored in this pilot study in order to see if extended exposure to growth
factors influenced a change in the expression of periostin. There is no significant difference in the
expression of periostin after treating pericytes with TGF-B for up to 9 days. This is likely due to the
low N numbers used in this study. Larger N numbers were attempted but long exposure to TGF-f
reduced cell viability, preventing cells surviving to the end of the experiment in order to be stained.
There was also a large variation between pericytes in the same group which could, again, be due to

cell death in certain well.
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Figure 4.18 — Periostin expression by pericytes remained constant throughout 9 days of IL-13
treatment. Immunostaining performed on pericytes grown in pericyte medium and treated with
100 ng/ml of IL-13 for 24, 48, 96, 168 or 216 hours. Cells were supplemented with IL-13 every 2
days to maintain the treatment. Cells were stained with an anti-periostin antibody and intensity
of periostin stain at 400x magnification was calculated with Imagel. Intensity of stain per field of
view was divided by the number of cells in order to determine periostin expression per cell. n=2-4,
all results are not significant. Inset includes representative staining images. Scale bars = 100um.

Again, several time points were explored in order to explore the effect of extended IL-13 treatment
on the production of periostin by pericytes. Although there was no significant difference between
each treatment group, a slight trend can be seen. The highest production of periostin came after 1
day of IL-13 treatment and longer treatments resulted in a lower expression of periostin. Similar to
in Figure 4.18, there was no significant difference between treatments which is likely due to the low
n numbers and therefore should be repeated several times to increase the n numbers and fully

elucidate the trend.
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Figure 4.19 - Periostin expression by pericytes increased with time following combined TGF-8
and IL-13 treatments. Immunostaining performed on pericytes grown in pericyte medium and
treated with 10 ng/ml of TGF-6 and 100 ng/ml of IL-13 for 24, 48, 96, 168 or 216 hours. Cells
were supplemented with TGF-8 and IL-13 every 2 days to maintain the treatment. Cells were
stained with an anti-periostin antibody and intensity of periostin stain at 400x magnification
was calculated with Imagel. Intensity of stain per field of view was divided by the number of
cells in order to determine periostin expression per cell. n=1-2, all results are not significant.
Inset includes representative staining images. Scale bars = 100um.

Periostin Expression per cell (AU)
N
o 1

Treatment with both TGF-B and IL-13 together was explored to see if it would produce an additive,
synergistic or suppressive effect. This was also explored across several days to see if longer
treatments will have a different effect. Similar to both Figure 4.17 and 4.18, treatments resulted in
increased cell death and caused the low n numbers which is likely to cause the non-significance of
the results. Despite this, there is a slight trend, with the 9 day treatment causing an increase in
periostin production. This experiment should be repeated in order to fully ascertain the effect of

both of these treatments on periostin expression.
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Figure 4.20 -a-SMA expression by pericytes slightly increased with time following TGF-8
treatment. Immunostaining performed on pericytes grown in pericyte medium and treated
with 10 ng/ml of TGF-8 for 24, 48, 96, 168 or 216 hours. Cells were supplemented with TGF-6
every 2 days to maintain the treatment. Cells were stained with an anti-a-SMA antibody and
intensity of a-SMA stain at 400x magnification was calculated with ImageJ. Intensity of stain
per field of view was divided by the number of cells in order to determine a-SMA expression
per cell. n=1-2, all results are not significant. Inset includes representative staining images.
Scale bars = 100um.

The expression of a-SMA was also explored following the same treatment course previously
described (Figure 4.17, 4.18, 4.19). TGF-B treatment over 9 days did not cause a significant
difference in a-SMA expression, however, in general, treatment for 7 and 9 days caused a slightly
higher expression of a-SMA in pericytes. There was a high variation in expression causing a high
standard deviation showing that this should be repeated to increase n numbers and reduce the

spread of the data.
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Figure 4.21 -a-SMA expression by pericytes remained relatively constant throughout the 9 days
of IL-13 treatment. Immunostaining performed on pericytes grown in pericyte medium and
treated with 100 ng/ml of IL-13 for 24, 48, 96, 168 or 216 hours. Cells were supplemented with
IL-13 every 2 days to maintain the treatment. Cells were stained with an anti-a-SMA antibody
and intensity of a-SMA stain at 400x magnification was calculated with Imagel. Intensity of
stain per field of view was divided by the number of cells in order to determine a-SMA
expression per cell. n=2-4, all results are not significant. Inset includes representative staining
images. Scale bars = 100um.

Again, statistically there was no difference between each treatment group, although there is a slight
trend, with increasing the duration of the IL-13 treatment increases the expression of a-SMA by
pericytes. There is also a large spread of data within the treatment groups which would be aided by
repeating the experiment again. It would also be interesting to extend this experiment beyond 9

days to see if this trend continues or whether it would decrease.
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Figure 4.22 - a-SMA expression by pericytes increased with time following a combined TGF-8
and IL-13 treatment. Inmunostaining performed on pericytes grown in pericyte medium and
treated with 10 ng/ml of TGF-8 and 100 ng/ml IL-13 for 24, 48, 96, 168 or 216 hours. Cells
were supplemented with TGF-8 and IL-13 every 2 days to maintain the treatment. Cells were
stained with an anti-a-SMA antibody and intensity of a-SMA stain at 400x magnification was
calculated with Imagel. Intensity of stain per field of view was divided by the number of cells in
order to determine a-SMA expression per cell. n=1-2, all results are not significant. Inset
include representative staining images. Scale bars = 100um.

As with Figure 4.20 and 4.21, a co-treatment with both TGF-3 and IL-13 was explored in relation to
a-SMA expression in pericytes. Again, these results are not significant although it is suggested that
treatment for 2 days and longer increases a-SMA expression. The fact that there is a slight trend,
even with an n of 1, suggests that it would be fruitful to repeat this co-treatment and extend the

treatment course so fully explore the interplay of these treatments.
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Figure 4.23 — There was no significant difference in the expression of N-cadherin by pericytes following TGF-8
and/or periostin treatment. Immunostaining performed on pericytes grown in pericyte medium and treated
with 10 ng/ml of TGF-8 both with and without 100ng/ml periostin in addition for 5 days. Cells were stained
with an anti-N-cadherin antibody and intensity of N-cadherin stain at 400x magnification was calculated
with Imagel. Intensity of stain per field of view was divided by the number of cells in order to determine N-
cadherin expression per cell. n=4-6, all results are not significant by two-way ANOVA with Siddk's multiple
comparisons test.

This experiment was performed on cultured pericytes and stained for N-cadherin to assess the
myofibroblast characteristics and cell-cell interactions following growth factor and periostin
treatment. With untreated pericytes, the addition of periostin slightly increased the expression of N-
cadherin. However, in pericytes treated with TGF-B, the addition of periostin had no effect at all. In
addition, the treatment with TGF-B did not yield a different result than untreated cells. Statistically,
there was no difference between the N-cadherin expression following any of these treatments,
however you can see a slight change. With a relatively high n number, more repeats may not reveal a

more robust trend and other explanations into this similarity can be explored.

R.E. Bignold, PhD Thesis, Aston University, 2022 74



500000 - _ o
B3 without periostin

4000004 -|— =3 with periostin

300000+

200000+

100000+

Control EGF

Expression of N-cadherin per cell (AU)

Treatment

Figure 4.24 — Treatment with EGF and periostin increased the expression of N-cadherin by pericytes.
Immunostaining performed on pericytes grown in pericyte medium and treated with 10 ng/ml of EGF
both with and without 100ng/ml periostin in addition for 5 days. Cells were stained with an anti-N-
cadherin antibody and intensity of N-cadherin stain at 400x magnification was calculated with Imagel.
Intensity of stain per field of view was divided by the number of cells in order to determine N-cadherin
expression per cell. n=4-6, “*” = p<0.05 compared to EGF treatment without periostin by two-way
ANOVA with Siddk's multiple comparisons test.

In Figure 4.24, control data from Figure 4.23 was included for comparison. Without the addition of
periostin, treatment with EGF had a similar yet slightly lower effect on N-cadherin expression than
the untreated cells. Yet with the addition of periostin alongside the EGF treatment, N-cadherin
expression increased significantly (p=0.0167). Despite this, there was no significant different
between the control and the addition of EGF suggesting that this effect is observed due to the

addition of periostin and not because of the presence of EGF.
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Figure 4.25 -There was no significant difference in the expression of N-cadherin by pericytes
following TGF-8, EGF and/or periostin treatment. Immunostaining performed on pericytes grown in
pericyte medium and treated with 10 ng/ml of EGF and TGF-8 both with and without 100ng/ml|
periostin in addition for 5 days. Cells were stained with an anti-N-cadherin antibody and intensity of
N-cadherin stain at 400x magnification was calculated with ImageJ. Intensity of stain per field of
view was divided by the number of cells in order to determine N-cadherin expression per cell. n=4-6,
all results are not significant by two-way ANOVA with Siddk's multiple comparisons test.

As with Figure 4.24, control data from Figure 4.23 was included for comparison. The trend observed
following treatment with both TGF-B and EGF is very similar to that seen in untreated pericytes as
such that the addition of periostin slightly yet insignificantly increases the expression of N-cadherin.
The difference between the expression of N-cadherin following EGF and periostin treatment and
EGF, TGF and periostin treatment suggests some form of regulation or inhibition by TGF-B which

would be interesting to explore further.
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Figure 4.26 - There was no significant difference in the expression of periostin by pericytes following
TGF-8 and/or periostin treatment. Immunostaining performed on pericytes grown in pericyte
medium and treated with 10 ng/ml of TGF-8 both with and without 100ng/ml periostin in addition
for 5 days. Cells were stained with an anti-periostin antibody and intensity of periostin stain at 400x
magnification was calculated with Imagel. Intensity of stain per field of view was divided by the
number of cells in order to determine periostin expression per cell. n=4-6, all results are not
significant by two-way ANOVA with Siddk's multiple comparisons test.

Alongside staining for N-cadherin, periostin was also stained for. Following treatment of untreated
cells with periostin, the expression of periostin by the pericytes slightly, though insignificantly,
decreased. This trend was also observed in pericytes that were treated with TGF-B, with cells treated
with TGF-B only having a higher expression of periostin than those treated with both TGF-B and
periostin. However, as this trend is also observed within the control condition, it is likely that the
addition of TGF-B had no effect on the expression of periostin in this experiment. There was also no
significant difference between any of these treatments suggesting that TGF- treatment does not

significantly increase the intracellular production of periostin.
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Figure 4.27 - There was no significant difference in the expression of periostin by pericytes following EGF
and/or periostin treatment. Immunostaining performed on pericytes grown in pericyte medium and
treated with 10 ng/ml of EGF both with and without 100ng/ml periostin in addition for 5 days. Cells
were stained with an anti-periostin antibody and intensity of periostin stain at 400x magnification was
calculated with Imagel. Intensity of stain per field of view was divided by the number of cells in order to
determine periostin expression per cell. n=4-6, all results are not significan by two-way ANOVA with
Siddk's multiple comparisons test t.

Control data from Figure 4.26 was included in Figure 4.27 for comparison. Treatment with EGF only
resulted in a slightly lower expression of periostin than the untreated control cells. However, adding
periostin to cells treated with EGF increased the expression of periostin, almost significantly

(p<0.07). This was similar to the effect on N-cadherin observed in Figure 4.25.
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Figure 4.28 - There was no significant difference in the expression of periostin by pericytes following TGF-
8, EGF and/or periostin treatment. Immunostaining performed on pericytes grown in pericyte medium
and treated with 10 ng/ml of EGF and TGF-8 both with and without 100ng/ml periostin in addition for 5
days. Cells were stained with an anti-periostin antibody and intensity of periostin stain at 400x
magnification was calculated with Imagel. Intensity of stain per field of view was divided by the number
of cells in order to determine periostin expression per cell. n=4-6, all results are not significant by two-
way ANOVA with Siddk's multiple comparisons test.

Again, control data from Figure 4.26 was included in Figure 4.28 for reference. Treatment with TGF-p
and EGF both with and without periostin very slightly increased the expression of periostin
compared to the untreated cells and untreated cells with periostin added. In addition, periostin with
TGF-B and EGF treatment caused a slightly lower expression of periostin than the TGF-B and EGF

treatment alone.

Having seen the effect of periostin on pericytes and its co-localisation and increased expression and

secretion in diseased tissue, the focus was then moved into the inhibition of periostin in order to
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abrogate these effects. As it had been suggested that IL-13 has a strong corelation with the secretion

of periostin, cinnamaldehyde, an IL-13 inhibitor, was explored subsequently.
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Figure 4.29 — Cinnamaldehyde treatment successfully inhibited IL-13-mediated periostin secretion by pericytes at
concentrations higher than 1mM. Cultured pericytes were treated with 100ng/ml IL-13 in pericyte media for 7 days with the
addition of cinnamaldehyde for the last 3 days at the concentration stated in A or only cinnamaldehyde at the stated
concentration for 3 days. The supernatants were harvested and the periostin content was assessed using an anti-periostin
ELISA kit. “**” = p<0.01, “***” = p<0.001 compared to the same concentration without IL-13, n=2 by two-way ANOVA with
Siddk's multiple comparisons test.

Cinnamaldehyde, an IL-13 inhibitor, was explored as a way to reduce the production of periostin by

pericytes (Mitamura et al., 2018). Periostin was added in the last 3 days of incubation to allow the
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effects of IL-13 to establish before attempting to reverse or reduce them. Pericytes treated with only
cinnamaldehyde at any concentration did not produce periostin at a detectable concentration.
However, when initially treated with IL-13 to increase periostin production and then treated with
cinnamaldehyde, a detectable level of periostin was produced. As expected, lower levels of
cinnamaldehyde resulted in a higher level of periostin production, but at concentrations of 1mM or
higher, periostin production significantly decreases to levels similar to that of pericytes without IL-13

treatment.
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Figure 4.30 — Treatment with cinnamaldehyde did not affect the migration of TGF-6-
treated pericytes. with scratch assay performed on pericytes that were grown in pericyte
medium and treated with 10 ng/ml of TGF-8 for 7 days with 1ImM cinnamaldehyde added
for the last 3 days. Cells were transferred into media lacking serum and a scratch was
made in each monolayer using a p200 pipette tip. Images were taken at 100x
magnification immediately after scratching at 24 hours later. The size of the scratches
were determined using ImageJ and average difference in sizes were calculated. “GF” =
growth factor, n=3, all results were not significant by two-way ANOVA with Siddk's
multiple comparisons test.

A scratch assay was used to explore the effect of inhibiting IL-13 on pericyte migration. There was no
difference in migration of pericytes that were untreated or treated with only cinnamaldehyde.
Treatment increased slightly following treatment with TGF-f although this was not significant.

Unusually, adding cinnamaldehyde to TGF-B treated cells also slightly increased pericyte migration
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although, again, this was not significant. This may be due to the spread of data; therefore more

experiments should be completed to confirm this effect.
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Figure 4.31 — Treatment with cinnamaldehyde reduced the effect of IL-13 treatment on the
migration of pericytes. Scratch assay performed on pericytes that were grown in pericyte medium
and treated with 100 ng/ml of IL-13 for 7 days with 1ImM cinnamaldehyde added for the last 3 days.
Cells were transferred into media lacking serum and a scratch was made in each monolayer using a
p200 pipette tip. Images were taken at 100x magnification immediately after scratching at 24 hours
later. The size of the scratches were determined using ImageJ and average difference in sizes were
calculated. “CTK” = cytokine, n=3, “A” = p<0.05 to the same growth factor treatment without
cinnamaldehyde, “**” = p<0.01 to the control treatment without cinnamaldehyde by two-way
ANOVA with Siddk's multiple comparisons test.

Control data from Figure 4.30 was included for reference. Treatment with IL-13 significantly
increased the migration of pericytes compared to untreated pericytes (p=0.0011). The addition of
cinnamaldehyde to the pericytes treated with IL-13 prevented this increase and instead migration
was not significantly different to control untreated cells. This means that cinnamaldehyde treatment

significantly reduced pericyte migration following IL-13 treatment (p=0.0123).
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Figure 4.32 — Treatment with cinnamaldehyde reduced the effect of periostin treatment on the
migration of pericytes. Scratch assay performed on pericytes that were grown in pericyte medium and
treated with 100 ng/ml of periostin for 7 days with 1ImM cinnamaldehyde added for the last 3 days.
Cells were transferred into media lacking serum and a scratch was made in each monolayer using a
p200 pipette tip. Images were taken at 100x magnification immediately after scratching at 24 hours
later. The size of the scratches were determined using ImageJ and average difference in sizes were
calculated. “GF” = growth factor, n=3, “*” = p<0.05 to the control treatment without cinnamaldehyde
by two-way ANOVA with Siddk's multiple comparisons test.

Again, control data from Figure 4.30 was included for reference. The trend observed in Figure 4.32 is
much the same as that seen in Figure 4.31. Treatment with periostin significantly increased the
migration of pericytes compared to control cells (p=0.0158). Then, adding cinnamaldehyde to
pericytes treated with periostin migration was not significantly different to the control cells and

therefore pericyte migration was reduced.
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Figure 4.33 — Treatment with cinnamaldehyde did not affect the expression of periostin by TGF-8 treated
pericytes. Immunostaining performed on pericytes that were grown in pericyte medium and treated with
10 ng/ml of TGF-8 for 7 days with 1ImM cinnamaldehyde added for the last 3 days. Cells were stained
with an anti-periostin antibody and intensity of periostin stain at 400x magnification was calculated
with Imagel. Intensity of stain per field of view was divided by the number of cells in order to determine
periostin expression per cell. n=6, “*” = p<0.05 by two-way ANOVA with Siddk's multiple comparisons
test

The addition of cinnamaldehyde alongside growth factors was also explored in relation to the
expression of periostin, measured via immunostaining of cultured pericytes. Unusually, though not
significantly, the addition of cinnamaldehyde to untreated control pericytes slightly increased the
expression of periostin. Outlier calculations were performed in order to ensure this effect was not
caused by aberrant results. Treatment of pericytes with TGF-B alone significantly increased the
expression of periostin (p=0.05) However the addition of cinnamaldehyde did not reduce this effect as
there was no significant difference between treatments with TGF-B and TGF-B with

cinnamaldehyde.
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Figure 4.34 - Treatment with cinnamaldehyde did not affect the expression of periostin by IL-13 treated
pericytes. Immunostaining performed on pericytes that were grown in pericyte medium and treated with 100
ng/ml of IL-13 for 7 days with 1ImM cinnamaldehyde added for the last 3 days. Cells were stained with an anti-
periostin antibody and intensity of periostin stain at 400x magnification was calculated with ImagelJ. Intensity of
stain per field of view was divided by the number of cells in order to determine periostin expression per cell. n=6
by two-way ANOVA with Siddk's multiple comparisons test

Control data from Figure 4.33 was included for reference. Unusually, treatment with IL-13 had no
effect on the expression of periostin by pericytes as there was no significant difference between
pericytes treated with only IL-13 and those that were untreated. Following the addition of
cinnamaldehyde, pericytes treated with IL-13 had a slightly reduced expression of periostin than
pericytes that had not received treatment with growth factors. There was also no significant
difference between the periostin expressed by the pericytes treated with IL-13 and cinnamaldehyde

and those treated with IL-13 only.
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Figure 4.35 - Treatment with cinnamaldehyde did not affect the expression of periostin by periostin treated
pericytes. Immunostaining performed on pericytes that were grown in pericyte medium and treated with
100 ng/ml of periostin for 7 days with 1ImM cinnamaldehyde added for the last 3 days. Cells were stained
with an anti-periostin antibody and intensity of periostin stain at 400x magnification was calculated with
Imagel. Intensity of stain per field of view was divided by the number of cells in order to determine periostin
expression per cell. n=5-6 by two-way ANOVA with Siddk's multiple comparisons test

Again, control data from Figure 4.33 was included for comparison. Similar to the trend observed
following IL-13 treatment in Figure 4.34, pericyte treatment with periostin resulted in a very similar
expression of periostin to untreated cells. Treatment with periostin alongside cinnamaldehyde had a
slightly lower, though not significant, expression than untreated cells exposed to cinnamaldehyde.
Similar to the treatment with IL-13, with and without cinnamaldehyde, there was no significant
difference between periostin expression following treatment with periostin or periostin with

cinnamaldehyde.
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Figure 4.36 — Treatment with cinnamaldehyde significantly increased the expression of N-cadherin in pericytes
treated with TGF-8. Immunostaining performed on pericytes that were grown in pericyte medium and treated
with 10 ng/ml of TGF-8 for 7 days with 1ImM cinnamaldehyde added for the last 3 days. Cells were stained with
an anti-N-cadherin antibody and intensity of N-cadherin stain at 400x magnification was calculated with ImageJ.
Intensity of stain per field of view was divided by the number of cells in order to determine N-cadherin expression
per cell. n=5-6, “*” = p<0.05, “****” = p<0.0001 with respect to untreated cells, “AA” = p<0.01 with respect to
TGF-8 treatment by two-way ANOVA with Siddk's multiple comparisons test .

Untreated control pericytes displayed low levels of N-cadherin expression. The addition of
cinnamaldehyde to these untreated pericytes slightly increased expression of N-cadherin, although
this difference was not significant. Pericytes treated with TGF-B had significantly increased
expression of N-cadherin compared to control cells (p=0.0112). Unusually, this expression was also
significantly increased further following the addition of cinnamaldehyde (p<0.0001 compared to

untreated cells and p=0.0023 compared to TGF-B treated cells without cinnamaldehyde).
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Figure 4.37 - Treatment with cinnamaldehyde did not affect the expression of N-cadherin by IL-13 treated
pericytes Immunostaining performed on pericytes that were grown in pericyte medium and treated with 100
ng/ml of IL-13 for 7 days with 1ImM cinnamaldehyde added for the last 3 days. Cells were stained with an
anti-N-cadherin antibody and intensity of N-cadherin stain at 400x magnification was calculated with Imagel.
Intensity of stain per field of view was divided by the number of cells in order to determine N-cadherin
expression per cell. n=6 by two-way ANOVA with Siddk's multiple comparisons test.

Control data from Figure 4.36 was included for reference. Treating pericytes with IL-13 did not
increase the expression of N-cadherin as there was no significant difference in N-cadherin
expression between IL-13 treated pericytes and untreated pericytes. There was no significant
difference in N-cadherin expression following the addition of cinnamaldehyde to IL-13 treated
pericytes, although the expression following both IL-13 and cinnamaldehyde treatment was slightly

lower than pericytes treated with solely cinnamaldehyde.
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Figure 4.38 - Treatment with cinnamaldehyde decreased the expression of N-cadherin in pericytes treated
with periostin. Immunostaining performed on pericytes that were grown in pericyte medium and treated
with 100 ng/ml of periostin for 7 days with 1mM cinnamaldehyde added for the last 3 days. Cells were
stained with an anti-N-cadherin antibody and intensity of N-cadherin stain at 400x magnification was
calculated with Imagel. Intensity of stain per field of view was divided by the number of cells in order to
determine N-cadherin expression per cell. “*” = p<0.05 compared to untreated control. n=5-6 by two-way
ANOVA with Siddk's multiple comparisons test.

For reference, control data from Figure 4.36 was included in Figure 4.38. Treatment of pericytes with
periostin caused a significant increase in N-cadherin expression (p=0.0457). With the addition of
cinnamaldehyde to pericytes treated with periostin slightly reduced the expression of N-cadherin to a
level very similar to the pericytes treated with only cinnamaldehyde. However, this is not

significant due to the relatively low n number.
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4.3 Discussion

Various aspects of periostin have been explored in this chapter, from its production to its effect on
physiological effects such as cell migration and the expression of cell adhesion molecules. Periostin is
an incredibly important yet often overlooked component of the ECM and therefore aspect of fibrosis
and asthma as a whole. The importance of periostin has been determined as, as previously
mentioned, it is a biomarker for the severity of asthma (Takahashi et al., 2019). The expression of the
gene for periostin (POSTN) has also been shown to be upregulated in several diseases such as
asthma and idiopathic pulmonary fibrosis (Figure 4.1, 4.3). This suggests that the inflammation and
fibrosis occurring in these lung diseases may cause an increase in expression of periostin at an RNA
level. Further bioinformatics analysis also elucidated an expected stimulus or periostin production, as
Figure 4.2 highlights that in IL-13 knockout mice, the level of periostin produced was a lot lower than
wild type mice. This highlighted IL-13 as an important target in the study of periostin and attempts

to reduce its effect (Gene Expression Omnibus GSE1301). The effect of IL-13 on periostin production

is explored experimentally throughout this chapter. There was also an attempt to elucidate the
location of this increase in periostin during lung diseases through the use of online databases. Data
from Habermann et al. accessed in the IPF Cell Atlas (shown in Figure 4.4, Habermann et al.,
2020) suggested that periostin expression localised in endothelial cells and myofibroblasts were
greatly increased in interstitial lung disease compared to healthy lungs. Pericytes are tightly
associated with endothelial cells in healthy tissue as they reside next to each other in the basement
membrane, allowing this increased levels of periostin to affect pericytes and perhaps induce the
effects seen in fibrosis. In chronic inflammation, pericytes are also known to differentiate into
myofibroblasts and contribute to ECM deposition and fibrosis (Johnson et al.,, 2011), and
therefore may be the ones exhibiting the high levels of periostin following this differentiation.
Pericytes also migrate towards the smooth muscle layer during fibrosis and therefore would reside
near other myofibroblasts and thus are exposed to increased levels of periostin (Johnson et al.,
2015). The inclusion of data from ILD hints to the widespread importance of periostin within several
different types of fibrotic lung disease and highlights the importance of any findings regarding the
mechanism or inhibition of periostin in fibrosis. The Wellcome Sanger Cell Atlas (data shown in Figure
4.5 (Regev et al., 2017)) also highlights an increase of periostin in asthmatic lungs, specifically in
fibroblasts, the smooth muscle layer and the endothelium. However, pericytes share many markers
with these three cell types such as PDGFR-a, PDGFR-B, Coll and vimentin (Hellstrom et al., 1999,
Chen et al., 2012, McKleroy, Lee & Atabai, 2013, Rock et al., 2011, Barron, Gharib & Duffield, 2016)
and may therefore be mischaracterised in some studies; instead, it may be pericytes that undergo this

increased expression of periostin. Periostin has also previously been linked to TGF-
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B (Ashley et al., 2017) and so the IntAct protein database was used to explore the interactions
between periostin and TGF-B (Orchard et al., 2013). The data in Figure 4.6 clearly shows a strong
association between periostin and TGF-B through both physical association and co-localisation and
therefore highlights the possibility of important regulation or interactions between these proteins

during fibrosis (Ashley et al., 2017)

The migration of pericytes following treatment with either periostin, IL-13 (to induce periostin
production) and TGF-B (to compare it to periostin treatment) was investigated using Transwell
assays and scratch assays (Figures 4.7, 4.8, 4.9). IL-13 has currently mostly been linked to the
induction of EMT and the subsequent increase in motility whereas TGF-B has been known to
contribute to pericyte migration both through mesenchymal transition and recruitment during
angiogenesis (Wu et al., 2014, Nadal et al., 2002, Wirsik et al., 2020). The Transwell assay in Figure 4.9
was previously discussed in the previous chapter where the lack of change in results following
growth factor treatment was attributed to cell clumping and the inability to distinguish between
individual cells during processing. This was one of the reasons the experiment was repeated instead
using a scratch assay (Figure 4.7, 4.8). With this other method, the treatment of pericytes with TGF- or
periostin causes a significant increase in the migration of these pericytes. This suggests that
periostin may contribute towards the migration of pericytes observed during asthma. However, the
treatment with IL-13 did not induce a significant increase in migration although there was a slight
increase. This warrants further investigation with a properly powered study and a more detailed
time course analysis might shed further light on the effect of IL-13 on pericyte migration. In the
future, biochemical analysis should be performed to elucidate the mechanism of inducing periostin

production by IL-13.

The production of periostin by pericytes was explored through immunostaining for intercellular
periostin. Figure 4.10 shows that untreated cultured pericytes are able to spontaneously produce
low levels of periostin. This could be slightly increased through the treatment with TGF-B or
significantly increased following periostin treatment. This ability of pericytes to produce periostin
highlights the possibility that pericytes may both produce and respond to periostin causing a positive

feedback loop and a greatly exacerbated fibrotic environment (as hypothesised in Figure 4.39).
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Figure 4.39 - Hypothesised mechanism of periostin and how it contributes to migration and is inhibited by cinnamaldehyde

via the activation of Nrf2 thus reducing cell migration and IL-13 and TGF-8 induced periostin production (Mitamura et al.,
2018). Diagram constructed on BioRender. Originally published in Bignold & Johnson, 2021a.

However, it is difficult to distinguish between periostin produced by the pericytes and residual
periostin from the treatments. This may be due to the long half-life of periostin reported by other
studies (Michaylira et al., 2010). Therefore, optimisation of staining methods should occur such as
the addition of wash steps several hours prior to staining to remove any periostin that was
remaining from the treatment. Further exploration was performed into the effect of co-treatment
with TGF-B, EGF and periostin (Figures 4.26, 4.27, 4.28). With TGF-B treatment with and without
periostin, the expression of periostin was no different to that of the control group. The difference
between the results in Figure 4.26 and Figure 4.10 may be due to the difference in treatment times as
cells in Figure 4.10 were treated for 2 days and the cells in Figure 4.26 were treated for 5 days. This
may indicate that at 2 days treatment more periostin is kept within the cell and therefore would be
visible on immunostained images whilst after 5 days the periostin is secreted from the cells into the
microenvironment and therefore is washed away during the staining process. It is also possible that
periostin exists in a precursor form and may require post-translational processing withing the Golgi
apparatus before it can be secreted via the conventional protein secretion pathway (Rabouille, 2017).
Many ECM proteins exist as pro-proteins including TGF-B, collagen and EGF (Kubiczkova et al., 2012,
Canty-Laird, Lu & Kadler, 2012, Le Gall et al.,, 2003). In Figure 4.28, the expression of periostin

following treatment of pericytes with EGF with periostin was slightly higher than with the treatment
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of EGF only. This may suggest that EGF may encourage periostin to remain within the cell for longer
or produce a greater amount of periostin. However, shown in Figure 4.18, the co-treatment with
TGF-B and EGF both with and without periostin reduced this effect to a similar level to the control
cells. This may suggest a regulatory pathway between these 3 mediators (Ashley et al. 2017,
Michaylira et al., 2010). The interaction between TGF-B, EGF and periostin should be explored and
modelled in order to fully explore the regulatory relationship between these proteins. These same
conditions were also explored in respect to N-cadherin expression in Figures 4.23, 4.24 and 4.25. A
very similar trend was observed in these experiments, with TGF-B treatment with and without
periostin and the combined treatment with and without periostin having statistically similar levels of
N-cadherin expression to the control cells. Again, the addition of periostin to pericytes treated with
EGF caused a significant increase in N-cadherin expression compared to the control cells again
highlighting an important interaction between EGF and periostin which should be explored further. N-
cadherin was chosen as a second marker for these experiments as it is thought to be elevated
during pericyte differentiation to myofibroblasts (Shenoy et al., 2016). N-cadherin mediates cell-cell
connections and mediates cell migration via several pathways including the activation of MMPs by

activating FGF receptors and regulating RhoA GTPase (Shih & Yamada, 2012).

Figures 4.17 — 4.22 explore the effects of IL-13 and TGF-f treatment over various time points, from
24 hours to 9 days. TGF- treatment caused a peak of periostin expression between 2 and 4 days,
after which the expression reduced slightly. This corroborates the previous results suggesting that
intercellular periostin levels are high after 2 days of treatment and drop at 5 days treatment
(Hamilton, 2008). IL-13 treatment caused the highest spike in periostin expression following only 1
day of treatment, however, and the combined treatment of both IL-13 and TGF-B caused periostin
expression to peak at 9 days. The expression of a-SMA was also explored with the same treatments
and time points as a-SMA is increased as pericytes acquire myofibroblast characteristics during
differentiation in fibrosis (Hughes & Chan-Ling, 2004, Shinde, Humeres & Frangogiannis, 2017). With
all of these treatments, the longer the treatment the higher the expression of a-SMA. This is likely
due to the increased differentiation of pericytes into myofibroblasts induced by TGF-B and IL-13.
Studies have shown that these cytokines encourage the differentiation of pericytes into
myofibroblasts (Zhao et al., 2022, Michalik et al., 2018, Johnson et. al., 2015). The results from all of
these experiments may not be accurate however as the n numbers for each condition were very low as
these were pilot experiments to identify optimal doses and timings of treatment. This was due to a
large amount of cells that had become unadhered throughout the 9 days of these experiments
although this was not measured. This longitudinal study should be repeated again in order to collect

more repeats or using a long-term imaging system and live stains in order to observe the change
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over time with each treatment rather than using different wells for each condition. The apparent
non-adherence of the cells should also be monitored in case the prolonged treatment induced cell
death. This could be via MTT at the timepoints used in the experiment or by flow cytometry with
viability stains such as propidium iodide and Annexin V at the end of the experiment (Rieger, et al.,
2011). In addition, further study on the changes to gene expression following prolonged treatment

could be investigated but was not looked into in this case due to lack of resources.

As immunostaining was used to determine the levels of intercellular periostin, extracellular periostin
produced was measured via ELISA (Kono et al., 2019). A variety of growth factor treatments were
explored via ELISA in order to elucidate the factor which initiates the increase of periostin
production by pericytes (Figure 4.16). Interestingly, treating pericytes with TGF-B, EGF, VEGF or
periostin only caused the same amount of periostin to be produced as the untreated cells. However,
treating pericytes with IL-13 caused a 9-fold increase in periostin production. This clearly suggests
that IL-13 robustly induces the production of periostin by pericytes. This is corroborated by other
studies (Ito et al., 2018, Maeda et al., 2019, Makita et al., 2018).

As periostin is known to be elevated in asthma (Burgess et al., 2021), the house dust mite model was
used to simulate asthma in mice. This involved exposing mice to a house dust mite allergen
intranasally for 5 weeks in order for inflammation to establish and remodelling to start (Johnson et
al., 2004). A schematic diagram of the model is included in Chapter 6 (Figure 6.1). Figure 4.15 depicts
the periostin concentration in bronchoalveolar lavage fluid in control mice and mice exposed to
house dust mite. This Figure shows that periostin levels were slightly, yet not significantly higher,
following house dust mite exposure. This hints to a trend which is well accepted as serum periostin is
used as a biomarker for asthma and therefore should be elevated in lavage fluid (Takahashi et al.,
2019). The lack of significance is likely impacted by the singular low value in an HDM treated mouse.
This mouse did respond to HDM treatment as it experienced symptoms of respiratory distress in line
with others within this condition and yet displayed low levels of periostin within its BAL
(bronchoalveolar lavage) fluid. It is possible that this mouse had developed a more Th17 skewed
asthma than the traditional Th2 as periostin is a known Th2 cytokine and has been shown to be
supressed by IL-17 (Rahmawati et al., 2021, Choy et al., 2015). It has been shown, albeit with a
different administration method, that HDM can induce a Th17 asthmatic response in C57/Bl6 mice
(Yang et al., 2018). This experiment should be repeated again to increase the number of samples and
possibly gain significance. Periostin in vitro was further explored through immunostaining lung
section such as in Figures 4.12, 4.13 and 4.14. Figure 4.14 shows that there was a significantly higher
expression of periostin in asthmatic lungs which suggests that periostin contributes to the pathology of

asthma in some way. The images in Figures 4.12 and 4.13 are able to show the localisation of
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periostin within the asthmatic lungs. They show a layer of cells robustly expressing periostin around
the airway in asthmatic lung tissue which is not present in the untreated PBS lungs. These lungs from
HDM-treated mice also displayed other aspects of remodelling (which can most clearly be seen in
Figure 4.12) such as a thickened smooth muscle layer and dysregulated epithelial cells. These cells
seem to reside in the subepithelium surrounding the airways and therefore may be pericytes as this is
where they migrate to during airway remodelling. A co-stain with a pericyte marker such as
PDGFRP or CD146 was also included to characterise the periostin-positive cells. Shown in both 4.12
and 4.13, the highlighted cells within the basement membrane are positive for both periostin and
two types of pericyte marker, hence strengthening the hypothesis that these cells are pericytes.
Figures 4.12 and 4.13 also suggests that there is a large amount of periostin residing in the
epithelium which has been suggested by other studies and also highlights the importance of

epithelial cells when discussing periostin within the airway (Burgess et al., 2021).

In an effort to pharmacologically modulate periostin production by pericytes, an upstream initiator
of periostin production was targeted. Cinnamaldehyde is an aldehyde previously suggested to be a
potent IL-13 inhibitor via the activation of Nrf2 (Mitamura et al., 2018, Huang & Wang, 2017). This
was explored as a treatment in order to reduce the concentration of periostin induced by IL-13.
Various concentrations of cinnamaldehyde were explored in order to find the optimum
concentration to use in future experiments. The ELISA results shown in Figure 4.29 shows that
concentrations of cinnamaldehyde lower than 1mM had little effect on the production of periostin by
pericytes as levels of periostin following treatment with IL-13 were still high. However, at 1mM and
higher, cinnamaldehyde prevented the production of periostin, suggesting that at 1mM
cinnamaldehyde successfully inhibits IL-13 and therefore that concentration was selected for future
experiments. This agrees with previous studies demonstrating the efficacy of cinnamaldehyde in
suppressing IL-13 signalling (Mitamura et al., 2018). However, as cinnamaldehyde was only added in
the last 3 days of treatment to allow IL-13 to establish an effect, the complete reduction of periostin
secretion suggests that periostin may not be very stable, despite previously being described as
having a long half-life (Michaylira et al., 2010). The specificity of cinnamaldehyde at 1mM also comes
into question as typical doses have been reported to be between 2.3uM-75uM (Mei et al., 2020,
Roth-Walter et al., 2014). Therefore, further investigations into optimum dosing should be
completed. Figures 4.30, 4.31 and 4.32 show the results from a scratch assay performed with TGF-B, IL-
13 and periostin treated pericytes alongside cinnamaldehyde. Despite not being a direct inhibitor of
TGF-B, cinnamaldehyde was still tested against TGF-B treated pericytes as the crosstalk between TGF-
B and periostin is not yet fully understood and therefore may be affected by the activation of Nrf2

as Nrf2 has seen to inhibit certain TGF-B mediated pathways (Ryoo, Ha & Kwak, 2014). These
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Figures highlighted that treatment with IL-13 and periostin both significantly increase the migration
of pericytes. Interestingly, after treating with cinnamaldehyde alongside these growth factors the
migration was reduced until it was not significantly different from the control, untreated pericytes.
This suggests that cinnamaldehyde strongly inhibited IL-13 which resulted in the reduction of
periostin and therefore the reduction of migration (Bignold & Johnson, 2021a). | hypothesise that
the IL-13-mediated periostin production which influences pericyte migration is inhibited via the
presence of cinnamaldehyde and the subsequent inhibition of IL-13. Studies have previously shown
that IL-13 induces periostin production and that periostin contributes to the migration of certain cell
types (lto et al., 2018, Wu et al., 2017). The fact that cinnamaldehyde treatment was able to
abrogate aspects of tissue fibrosis such as pericyte migration in vitro, gives hope to the use
cinnamaldehyde as a therapeutic to reduce remodelling in asthma. Figures 4.34, 4.35 and 4.36 show
the results of immunostaining targeting the intracellular periostin. Surprisingly treatment with
periostin or IL-13 did not cause a significant increase in the expression of periostin by pericytes and
yet treatment with TGF-B did. Also, the addition of cinnamaldehyde did not yield significantly
different results in any treatment group. This is interesting as it is the opposite of the results seen in
the previous migration assay. There are several possible reasons for this. TGF-B treatment may cause
more periostin to be accumulated intracellularly and therefore would be more visible in
immunostained images and less available for signalling during scratch assays. Conversely, IL-13 and
periostin treatment may cause periostin to be secreted a higher rate, allowing it to initiate signalling
pathways for migration and be able to be detected in the supernatants used in ELISA assays.
Periostin likely needs to be incorporated into the ECM in order to engage with cell surface integrins
such as awP3 or directly with ECM proteins such as fibronectin and subsequently initiate migration
pathways (Gonzalez-Gonzalez & Alonso 2018, Hoersch & Andrade-Navarro, 2010, Kii et al., 2010).
This would also result in a lower signal observed during immunostaining as incorporation into the
ECM may hide the epitope that the primary antibody binds to. Again, alongside periostin staining, N-
cadherin was also assessed in order to look for pericyte differentiation into myofibroblasts. As
expected, only TGF-B treatment yielded a significant increase in N-cadherin expression, supporting
the notion that TGF- promotes myofibroblast differentiation (Willis & Borok, 2007). However, much is
still unknown regarding the importance of N-cadherin in pericyte differentiation and may instead be
more indicative of the migratory capacity of the pericytes. The reduction of N-cadherin
expression following the addition of cinnamaldehyde to periostin-treated pericytes is surprising, and
may hint at crosstalk between pathways responsible for periostin inhibition and differentiation.
However, this disagrees with current literature as the activation of Nrf2 by cinnamaldehyde is

thought to activate the RhoA-ROCK cascade which is involved in periostin-induced differentiation to
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myofibroblasts (Ko et al., 2021, Li et al., 2016, Nikoloudaki et al., 2020). As these cascades are
complex, more investigation into their interplay should occur. More studies should also be
performed to interrogate the signalling pathways involved in the function of N-cadherin in pericytes
before major conclusions can be drawn (Ferrell, et al., 2022). Surprisingly, the addition of
cinnamaldehyde increased this even further, which may indicate a relationship between
cinnamaldehyde and pericyte differentiation which would not be beneficial if cinnamaldehyde was
used for the treatment of asthma as the differentiation of pericytes to myofibroblasts should be
discouraged lest they exacerbate the fibrosis. The exact mechanism behind the possible additive
effect of TGF-B and cinnamaldehyde is yet unknown but may be, at least in part, due to the complex
crosstalk between periostin and TGF-B (Nanri et al, 2019). There is also a concern that
cinnamaldehyde may have other adverse effects on lung tissue as in vitro studies have been carried
out on cinnamaldehyde-containing vape juices which resulted in impaired glycolytic capacity in
human bronchial epithelial cells and reduced cilia movement at concentrations higher than 0.5mM of
cinnamaldehyde (Clapp et al., 2019). This suggests that the wider effects of cinnamaldehyde
should be explored before pursuing cinnamaldehyde as a possible therapeutic to reduce periostin

levels in asthma and thereby mitigate airway wall remodelling.

Taken together, the studies performed in this chapter demonstrate that periostin, a key component
of the remodelled airway in allergic airway disease, can be produced and secreted by pericytes in
response to mediators known to be highly expressed in chronic allergic inflammation. It was further
demonstrated that periostin production by pericytes can be pharmacologically targeted which opens

up further avenues to interrogate the mechanisms by which pericytes contribute to tissue fibrosis.
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5.1 Introduction

In vitro cell culture techniques are the backbone of most biomedical research. The optimisation and
innovation of cell culturing techniques have been consistently developed since its development by
Ross Granville Harrison in 1907 to study nerve fibres from amphibians (Harrison, 1907). The
development of immortalised cell lines, the first of which were derived from the cervical tumour of
Henrietta Lacks and dubbed Hela cells, allowed the continuous study of cells, without the need to
generate primary cells (Gey, Coffman & Kubicek, 1952, Masters, 2002). Hela cells went on to
contribute to the understanding of many important scientific topics such as the polio vaccine, HIV
(human immunodeficiency virus) infection and cellular ageing (Scherer, Syverton & Gey, 1953,
Maddon et al., 1988, Greider & Blackburn, 1985). With advances in media, laboratory plastics, and
robust, immortalised cell lines, future innovations have been geared towards the transition from 2D
cultures to 3D cultures. There are various different types of 3D cultures which are designed to aid a
variety of different tasks and research questions. One of the most prominent of these is bioprinting,
and the goal to create personalised organs from patients’ cells (Noor et al., 2019). This is done using
current 3D printing technology combined with the creation of “Bioink” from pluripotent stem cells.
However, this research is still in its early stages and relies on artificial scaffolding and hydrogels
which is also a different sector of 3D cell culture research. The exploration of possible cellular
scaffolds includes polymer based scaffolds as well as ECM-derived scaffolds around porous
electrospun polycaprolactone or silicone bases (Zhu et al., 2019, Jordahl et al., 2019). This would
allow the patients’ cells to differentiate and associate with each other to form tissue, either for
research purposes or, in the future, transplantation. Smaller 3D cultures have also been explored,
which involve various different cell types and are often scaffold-free. These are referred to as
spheroids or organoids depending on complexity and structure with spheroids being simple cell
clusters and organoids being complex with a varied structure, often deriving from stem cells (Gunti et

al., 2021).

Several groups have begun to explore the use of these 3D cultures to mimic airways in order to
model diseases without the use of animals. Some have used patient derived tissue to isolate cells

such as those found in the airway epithelium allowing the formation of airway epithelial spheroids
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(Sachs et al., 2019, Boecking et al., 2022). Some have also been able to construct complex 3D
cultures consisting of airway epithelial and airway endothelial cell lines alongside patient-derived
fibroblasts. These spheroids were able to self-assemble and form lung-like structures which
highlights the possibility that these types of cultures would be useful in early-stage disease
modelling (Tan et al., 2017).
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Figure 5.1 - Graphical diagram depicting several methods for spheroid and organoid formation. Methods shown are as
follows: A — Centrifugation, B — Liquid Overlay, C — Hanging Drop, D — Hydrogel, E — Spinner Culture, F — Magnetic

Levitation. Based on information from (Ryu, Lee & Park, 2019)

There are various methods for creating organoids and spheroids, which rely on a range of different
resources as outlines visually in Figure 5.1. One of the simplest methods involves pelleting the cells
using centrifugation. This method is mainly used to induce and observe differentiation of
mesenchymal stem cells in 3D. This method is simple and, as conditions are similar to normal cell
culture, a wide range of analytical techniques can be used on the pellets including
immunohistochemical analysis and PCR (polymerase chain reaction)(Bosnakovski et al., 2004).
However, the pellets must be imaged in sections due to their large size, and therefore some global
information may be missed, such as size difference or 3D organisation. It is also possible that the
high density environment formed in the pellet may not be suitable for all cell types and may be
restricted in size by gravity and the density which may cause hypoxic conditions in the centre of the

mass (Zhang et al., 2010).

Another very simple method is liquid overlay. This utilises non-adherent tissue culture plastic with
the addition of a layer of agar or agarose to further prevent adhesion to the plates. Unable to stick
to the plate, adherent cells would instead attach to each other, forming spheroid clusters. Much like

the pellet method, this method is useful as minimal extra equipment is needed and extra reagents
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are commonly used in laboratory environments anyway. However, as this technique results in
spontaneously formed spheroids, the lack of control may be a downside as the number and size of
the spheroids cannot be predicted and is likely to be variable. Although, studies have sound that
using 96-well plates to culture spheroids reliably causes one spheroid per well to form and have
even created spheroids of co-cultured cells using this method (Metzger et al., 2011). This highlights

the potential of this technique as a basis for creating complex co-culture spheroids.

Much like Metzger et al. saw with their liquid overlay technique, the hanging drop technique allows
one spheroid per culture area to form, the size of which can generally be controlled by the number of
cells seeded. As the name suggests, the hanging drop method involves suspending cells upside down
in drops of cell medium. The drop remains on the upside down plate and spheroids form due to
surface tension and the lack of a surface to adhere to (Metzger et al., 2011, Foty 2011, Timmins &
Nielsen, 2007. This method removes the effect of the surface of the culture flask, the material and
stiffness of which may affect differentiation and proliferation of mesenchymal stem cells (Kozaniti et
al., 2022). Again, this technique can be completed using common cell culture materials and requires
no specific additional equipment. There are several disadvantages to this method, once cells have
been suspended, they are unable to be treated and therefore all treatments must be completed
before the suspension. This reduces the flexibility of treatment available using this method as
spheroids take several days to establish. It is also not suitable for every cell type, with around half the
cancer cell lines explored by Carlsson et al. unable to form spheroids (Carlsson et al., 1983, Costa et al.,
2018). This method is an interesting and effective method for spheroid formation, but may not be

suitable for all experiment setups.

The incorporation of hydrogels into existing cell culture techniques allows the spontaneous
formation of spheroids within a semi solid medium. The gels provide a 3D space whilst still
maintaining access to medium and treatments as in normal, 2D cell culture. In addition, the viscosity
and composition (such as fibrin, collagen and hyaluronic acid) can be altered to suit the specific cells
and experiments desired (Ryu, Lee & Park, 2019). A downside to this technique, however, is the
inability to control the exact size or number of spheroids formed, although this can be influenced
through different seeding densities. One of the methods which requires slightly more advanced
equipment is the spinner culture technique. This technique relies on culturing cells in a bioreactor
which prevents cells adhering to the sides of the vessel and so, again, they adhere to each other.
This is good for high throughput spheroid formation as bioreactors can be used for large cell
numbers (Sutherland et al., 1970, Han et al., 2006). However, the optimisation of the stirring speed is
required as too fast and the spheroids would either not form or break apart and too slow and the cells

will sink to the bottom and aggregate there.
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Another method with specialised equipment, and the one which will be used in this chapter, is the
magnetic levitation technique. This involves a magnetic array which encases a culture plate
containing cells. Iron nanoparticles are inserted into the cells via centrifugation and the opposing
magnetic fields result in the suspension of the cells within the wells. As the cells are suspended, the
cell culture plastic has no effect on the cells. In addition, the conditions the spheroids are grown in
can be easily manipulated, with different medium or treatments possible at any point in the
experiment. It also allows for greater control of the number of spheroids than some methods, as one
spheroid will form on each magnetic node (Lewis et al., 2017). However, there have also been
downsides to the incorporation of iron nanoparticles and the use of almost weightlessness. These
conditions could affect the metabolism or growth of certain cell structures. The use of magnetic
levitation to grow spheroids will be explored in this chapter using a co-culture of HPLPCs and
HUVECs. Co-cultures were established at a ratio of 1:5 pericytes to endothelial cells as literature

III

estimates that in “normal” tissue, pericyte coverage is between 1:1 and 1:10, with the lung likely
having a higher ratio than muscle tissue but less coverage than the blood brain barrier (Armulik et al.,

2011, Rowley & Johnson, 2014).

5.2 Results

In order to evaluate the method, spheroids containing both pericytes and endothelial cells were
constructed using the method from the Manufacturers website (see Methods section). VEGF and
H20: treatments were undertaken as it was hypothesised that VEGF treatment would encourage
pericyte-endothelial connections due to its role in angiogenesis whilst oxidative stress conditions
would lead to cell damage and therefore dissociation. DAPI stain was used in isolation in the

following images as it allows the overall shape and physiological characteristics of the spheroids to be

observed clearly.

Figure 5.2 — Various characteristics of spheroids can be observed using DAPI staining. Representative images depicting 3D spheroids of HPLPCs and
HUVECs. Spheroids were grown for 7 days and treated with 10ng/ml VEGF or 50 ug/ml of H:20: for a further 5 days in order to simulate high oxidative
stress conditions. Spheroids were stained with DAPI to visualise nuclei and imaged at x400 using a Leica Widefield microscope. Scale bars = 250um.
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Images shown in Figure 5.2 are representative of all images from these conditions. They depict the
nuclei within the 3D structures, although some are not in the plane of focus and so the actual
number of nuclei and therefore cells within the spheroid cannot be determined. The images show
variable roundness between the conditions, having areas where the cell density decreases (often
near the edges) and increases (often near the core). The circumferences of the spheroids are also
not smooth or uniform, indicating an issue in the formation of these spheroids. However, this also

may be due to the different treatments explored.

Several measurements of the spheroids were taken to explore the variability within the treatment

conditions in order to evaluate the effectiveness of this method.
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Figure 5.3 — There was no difference in the diameter of the spheroids following VEGF or H20: treatment.
3D spheroids of HPLPCs and HUVECs were constructed. Spheroids were grown for 7 days and treated
with 10ng/ml VEGF or 50 ug/ml of H20: for a further in order to simulate high oxidative stress
conditions. Spheroids were stained with DAPI to visualise nuclei and imaged at x400 using a Leica
Widefield microscope. Analysis was performed on these images using ImageJ to measure the diameter
of the spheroids at the widest point. Results were not significant to p<0.05, n=6 from 1 independent
experiment by one-way analysis of variance (ANOVA) for multiple groups with the Tukey post hoc test.
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As each data point is represented on the graph in Figure 5.3 the spread of data within the condition
can be examined. This can be seen by examining the CV (coefficient of variance) of the data which is
calculated with the formula standard deviation/mean. The CV of both Control and VEGF conditions is
26% and 33%, respectively which is thought to be moderate, indicated a relatively large spread of
data. This may suggest that the method is less reliable in creating consistently sized spheroids. There is
also no significant difference in the diameter of the spheroids between the treatments observed in this
experiment, although it seemed that spheroids treated with H.0O> had a slightly greater diameter than

those without treatment of those treated with VEGF which had a very similar average diameter.

Another metric of size was also explored through the measurement of the overall area of the

spheroids.
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Figure 5.4 — Spheroids treated with H202 had a more consistent area than VEGF or untreated spheroids. 3D spheroids
of HPLPCs and HUVECs were constructed. Spheroids were grown for 7 days and treated with 10ng/ml VEGF or 50
ug/ml of H20: for a further 5 days in order to simulate high oxidative stress conditions. Spheroids were stained with
DAPI to visualise nuclei and imaged at x400 using a Leica Widefield microscope. Analysis was performed on these
images using ImageJ to measure the area of the spheroids using “Region of Interest” measurements. Results were
not significant to p<0.05, n=5/6 from 1 independent experiment with 1 outlier being removed prior to analysis by
one-way analysis of variance (ANOVA) for multiple groups with the Tukey post hoc test.
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Similar to in Figure 5.3, the spread of data is clear to see. The CV of the untreated spheroid was 53%
and the VEGF-treated spheroid was 80% which was even higher than those seen in Figure 5.4.
Therefore the overall size of the spheroids in these conditions may not be very consistent. Again,
there was no significant difference of the size of the spheroids between the three treatment groups.

However, there is a slight decrease in spheroid size following treatment with either VEGF or H>0..

One aspect of spheroid formation which is slightly more difficult to examine is that of the density.
However, this aspect is important as the structure of the spheroid should be consistent to facilitate

pericyte-endothelial cell interactions and to properly mimic blood vessel structure.
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Figure 5.5 — The density of VEGF treated spheroids had a more variable density than the other treatments. 3D
spheroids of HPLPCs and HUVECs were constructed. Spheroids were grown for 7 days and treated with 10ng/ml
VEGF or 50 ug/ml of H20: for a further 5 days in order to simulate high oxidative stress conditions. Spheroids were
stained with DAPI to visualise nuclei and imaged at x400 using a Leica Widefield microscope. Analysis was
performed on these images using Imagel to estimate the density of the spheroids using the integrated density of
DAPI/area. Results were not significant to p<0.05, n=6 from 1 independent experiment by one-way analysis of
variance (ANOVA) for multiple groups with the Tukey post hoc test.

Estimated density was calculated by measuring the integrated density of the DAPI stain measure via
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Imagel, per the area, depicted by drawing a region of interest around the circumference of the
spheroid. This should measure the amount of DAPI without being influenced by the changes in the
area of the spheroids. There was no significant difference in density between these treatments
much like the area and length shown in Figures 5.3 and 5.4. Again, we can also look at CV to see the
consistency of data within the treatment groups. It is apparent that there was a relatively large
spread of data within the VEGF treatment group with a CV of 57% which may indicate high variability of

density.

A further batch of spheroids were created using the same method outlined previously. They were

additionally stained with fluorescent differential markers to observe the different cell types and

attachments.

Figure 5.6 — Spheroids can have varying levels of structural integrity and may break apart even in the absence of treatment.
Representative images depicting 3D spheroids of HPLPCs and HUVECs. Spheroids were grown for 7 days and treated with 10ng/ml|
VEGF or 10ng/ml TGF-8 for a further 5 days. The magnetic levitation array was only kept on for 24 hours and pericytes and
endothelial cells were used at 1:1 as deviations from the method outlined in “Materials and Methods”. Spheroids were stained with
SM22 in red to stain pericytes, CD31 in cyan to stain endothelial cells and N-cadherin in green. They were imaged at x630 using a
Leica Confocal microscope. Scale bars = 200um.
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Spheroid formation in the experiment (Figure 5.6) was not as uniform as shown in Figure 5.2. The
images of the untreated cells show an almost crescent structure, indicating some circularity was
achieved but may have broken away upon staining. Similarly, the images from spheroids treated
with TGF-B showed great irregularity around the edges of the cell mass highlighting the likelihood of
structural damage. There also seems to be a high co-localisation of the SM22 (pericyte specific stain)
and CD31 (endothelial specific stain) signals, suggesting that endothelial cells and pericytes are

orientated similarly within the spheroid.

The expression of these markers were then quantified using Imagel) to assess the effects of the

treatments and the structure of the spheroids.

15000
2 x
e) A
S 10000-

k=

c

9 —Egn— A
@ 5000+

o

o

>

LLl

0' 1

NS NS
<0 \\@C‘)

Treatment

Figure 5.7 — VEGF treated spheroids showed a greater expression of N-cadherin. 3D spheroids of HPLPCs
and HUVECs were constructed. Spheroids were grown for 7 days and treated with 10ng/ml VEGF or 10
ng/ml of TGF-8 for a further 5 days. Spheroids were stained with N-cadherin, SM22 and CD31, and imaged
at x630 using a Leica Confocal microscope. Analysis of the integrated density of the N-cadherin stain in the
ROI was performed on these images using ImageJ. “*” = p<0.05, n=3 from 1 independent experiment by
one-way analysis of variance (ANOVA) for multiple groups with the Tukey post hoc test..
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The expression of N-cadherin was measured in 2D images taken of spheroids. There is a significant
increase in the expression of N-cadherin following the treatment of the spheroids with VEGF
(p=0.0423). However, treatment with TGF-B did not lead to significant changes in N-cadherin
expression compared to the untreated spheroids. This may have been due to the structure of the
spheroids as, as shown in Figure 5.6, VEGF treated spheroids looked more structurally robust. The n

number for this calculation is also relatively low and some data is relatively variable, especially the

data from the VEGF treated spheroids.
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Figure 5.8 - VEGF treated spheroids showed a greater expression of SM22. 3D spheroids of HPLPCs and
HUVECs were constructed. Spheroids were grown for 7 days and treated with 10ng/ml VEGF or 10 ng/ml|
of TGF-8 for a further 5 days. Spheroids were stained with N-cadherin, SM22 and CD31, and imaged at
X630 using a Leica Confocal microscope. Analysis of the integrated density of the SM22 stain in the ROl
was performed on these images using Image). “**” = p<0.01, n=3 from 1 independent experiment by
one-way analysis of variance (ANOVA) for multiple groups with the Tukey post hoc test.

Similar to the results seen in Figure 5.7, treating spheroids with VEGF caused a significant increase in
expression, this time of SM22 (p=0.0057). There was also, again, a relatively large spread of data
observed in the VEGF-treated condition compared to the other conditions which possibly suggests
variation in the structure of the spheroids. Treatment with TGF-B caused a slight yet non-significant
increase in SM22 expression compared to untreated spheroids. This may be due to an increase in
the expression of SM22 by the cells or an increase in the number of cells expressing SM22. This
remains unclear due to technical limitations at the time of this study as a higher powered

microscope would be required to distinguish between individual cells.
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Figure 5.9 - VEGF treated spheroids showed a greater expression of CD31. 3D spheroids of HPLPCs and
HUVECs were constructed. Spheroids were grown for 7 days and treated with 10ng/ml VEGF or 10 ng/ml|
of TGF-8 for a further 5 days. Spheroids were stained with N-cadherin, SM22 and CD31, and imaged at
x630 using a Leica Confocal microscope. Analysis of the integrated density of the CD31 stain in the ROl
was performed on these images using Image). “**” = p<0.01, n=3 from 1 independent experiment by
one-way analysis of variance (ANOVA) for multiple groups with the Tukey post hoc test.

Again, VEGF-treatment of spheroids caused an increase in the expression of CD31. The data in the
VEGF-treated condition is once again spread and the low n-number means the data may not be
wholly accurate. The TGF-B treated spheroids also showed a slight increase in the expression of
CD31 although this was not quite significant. More repeats from more than one independent

experiment may lead to this result becoming significant.
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Figure 5.10 — Following all treatments SM22 was the stain with the highest expression, with VEGF treatment resulting in the highest
expression overall. 3D spheroids of HPLPCs and HUVECs were constructed. Spheroids were grown for 7 days and treated with 10ng/ml VEGF
or 10 ng/ml of TGF-8 for a further 5 days. Spheroids were stained with N-cadherin, SM22 and CD31, and imaged at x630 using a Leica
Confocal microscope. Analysis of the integrated density of the N-cadherin, SM22 and CD31 stains in the ROl was performed on these images
using ImageJ. “*” = p<0.05 compared to VEGF N-cad, “AAA” = p<0.001 compared to VEGF SM22, n=3 from 1 independent experiment by
one-way analysis of variance (ANOVA) for multiple groups with the Tukey post hoc test.

Data in Figure 5.10 is the same data from Figure 5.7, 5.8 and 5.9 but collated to allow the
comparison of stains within each treatment group. In each treatment group, the CD31 stain had the
lowest expression. In both the groups treated with either TGF- or VEGF, SM22 was the most highly
expressed stain, with the expression of SM22 in VEGF-treated spheroids being significantly higher
than the expression of N-cadherin in VEGF-treated spheroids (p=0.0331). The expression of SM22 in
VEGF-treated spheroids was also significantly higher than the CD31 expression in VEGF-spheroids
(p=0.0007). However, in the untreated spheroids, the expression of N-cadherin and SM22 was very

similar.
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Based on the unsatisfactory CD31 staining in figure 5.6, we elected to investigate the use of isolectin

staining to identify endothelial cells.

Isolectin
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Figure 5.11 — Untreated and TGF-8 treated spheroids contained areas with reduced cell densities. Representative images
depicting 3D spheroids of HPLPCs and HUVECs. Spheroids were grown for 7 days and treated with 10ng/ml TGF-6 or 100ng/ml
periostin for a further 5 days. Spheroids were stained with isolectin in green to stain endothelial cells, a-SMA in red to stain
pericytes and DAPI in order to visualise cell nuclei. They were imaged at x400 using an EVOS M5000 microscope. White arrow
indicates an area with reduced cell mass. Scale bars = 200um.

The Isolectin GS-IB4 from Griffonia simplicifolia conjugated to AlexaFluor™ 488 stain was used to
mark endothelial cells. These representative images suggest that the untreated spheroids have a
lower expression of isolectin and therefore contain fewer endothelial cells. Similarly, pericytes,
labelled by the a-SMA stain, increased with treatment from the control baseline. The reduction of
both cell types indicated that there may have been less cell mass in the untreated spheroids or an
issue with the penetration of the antibodies to the centre of the spheroid. The latter is corroborated by
the hole indicated by the white arrow in the DAPI image. The images from the TGF-B-treated
spheroids also show an increased expression and cell mass around the edge of the spheroid and
reduced cells in the centre (indicated by the white arrow). The periostin-treated spheroid had a
more uniform cell layer seen in the DAPI images yet it seemed to still have increased isolectin and a-

SMA in cells around the edge of the spheroid.
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Expression of these markers were not calculated as many of the spheroids contained auto-
fluorescent artefacts which would prevent accurate analysis. These were likely to be dust or hairs
introduced when moving the spheroids for mounting. A further round of spheroids was therefore

constructed and additional treatments were tested.

™
R

Isolectin

IL-13

wv
wv
w.f
batt
=
(Vg
x
@
(a 8]
o
L
O
)]
(a

R.E. Bignold, PhD Thesis, Aston University, 2022 113



-~

— Isolectin

Figure 5.12 — Many treatments resulted in a reduced cell mass in the core of the spheroids as well as irregularities around the
outside of the spheroids. Representative images depicting 3D spheroids of HPLPCs and HUVECs. Spheroids were grown for 7
days and treated with 10ng/ml EGF, 100ng/ml IL-13, 50ug/ml H202, 300ug/ml PDGF-BB, 100ng/ml periostin, 10ng/ml TGF-6,
10ng/ml TNF-a or 10ng/ml VEGF for a further 5 days. Spheroids were stained with isolectin in green to stain endothelial
cells, a-SMA in red to stain pericytes and DAPI in order to visualise cell nuclei. They were imaged at x200 using an EVOS
M5000 microscope. Isolectin and a-SMA images were produced as greyscale and colourized using Microsoft Powerpoint
for visual purposes. Merged images are raw images, isolectin and a-SMA images are black and white with colour

correction performed in Microsoft PowerPoint. Scale bars are 750um.

Treatments were chosen as they had either been previously explored as a stimulant for migration or
have been linked to inflammation. Overall, images shown in Figure 5.12 had an overall circular shape
showing that this method formed spheroids effectively. Some conditions, such as the TGF-B-treated

spheroids and the IL-13 treated spheroids displayed a fragmented edge of the spheroids that was
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not observed during culturing, indicating structural damage had occurred during staining. Many of
the spheroids, seen most obviously in the a-SMA images, had a decreased cell mass in the centre of
the spheroid, suggesting the spheroids forming were hollow, some cell death occurred at the centre
of the sphere or antibody was unable to fully perfuse into the centre of the spheroid. This was also
highlighted in the previous Figure 5.11, so this phenomenon is replicable. This may be due to the
natural organisation of pericytes and endothelial cells when co-cultured and therefore may be an
early sign of “blood-vessel” formation. In general, a-SMA-positive pericytes orientate themselves
around the edges of the spheroid with the isolectin-positive endothelial cells being more present
towards the centre of the sphere. This is most apparent in the control, EGF-treated and H.0»-treated
spheroid merged images. In order to further identify the location of the isolectin stain, on either

pericytes, endothelial cells or both, more high resolution images need to be taken.

Some variation in the intensity of the stain within treatment groups was observed and so a further

comparison was made.

Figure 5.13 — There is great variation in staining intensities within treatment groups. Representative images depicting 3D

spheroids of HPLPCs and HUVECs. Spheroids were grown for 7 days and treated with 10ng/ml VEGF for a further 5 days.
Spheroids were stained with isolectin in green to stain endothelial cells, a-SMA in red to stain pericytes and DAPI in order to
visualise cell nuclei. They were imaged at x200 using an EVOS M5000 microscope. These images are a merge of all 3 stains.

Scale bars = 750um.

Both images shown in Figure 5.13 are of VEGF-treated spheroids from the same experiment and
were imaged at the same time under the same conditions. This Figure was included to highlight the
occasional disparity of this staining and imaging technique and highlighting challenges when
analysing the expression of certain markers in order to come to a conclusion about the effect of the

treatment. Variants like these were present in several different experiments when imaged on the
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EVOS M5000 microscope and may highlight the importance of using a more high powered and

sophisticated imaging system.
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Figure 5.14 — 3D spheroids can be represented in various ways such as maximum projections, 3D representation videos or as a GIF scanning through individual
images in the Z-stack. Representative images depicting 3D spheroids of HPLPCs and HUVECs. Spheroids were grown for 7 days and treated with 10ng/ml TGF-8
or 100ng/ml periostin for a further 5 days. Spheroids were stained with isolectin in green to stain endothelial cells, a-SMA in red to stain pericytes and DAPI in
order to visualise cell nuclei. They were imaged at x200 every 10um using the Z-stack tool on a Leica SP8 confocal microscope and were formatted in ImageJ.
The first row links to videos of each image in the stacks. The middle images are maximum projections of the whole spheroid. The lower images link to GIFs of
3D models of the spheroids to visualise their 3D shape. Scale bars = 750um.

Figure 5.14 is designed to demonstrate the many ways of viewing 3D spheroids in order to

demonstrate different things. The first and last rows have been hyperlinked to the files on Box so the

animations can be viewed. There are also QR codes in the Supplementary Information if needed. The
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videos of the individual stacks show each layer throughout the spheroid allowing the observation of
structures within the centre of the spheroid. It can also clearly show trends of the staining for
example if one marker is only found on the surface of the spheroid rather than at the centre.
Maximum projection images are a good way to quickly see all of the staining in the spheroid. As
every layer of the stack is viewed at once it would be possible to highlight areas of interest and see the
global structure. These images are also used for image analysis as it accurately portrays the staining
throughout the whole spheroid. Finally the 3D representation GIFs show the overall 3D shape of
the spheroids. As is apparent from the data used in Figure 5.14, when mounted on coverslips
the spheroids are very flat and are only a few microns thick when originally they were formed as

spheres. This may suggest the need for refining imaging methods.

Another indication that imaging methods needs refinement is what is observed whilst mounting.
Images were taken through the eyepiece of a basic light microscope showing spheroids within the

growth plate prior and post transferring to the coverslip in order to highlight potentially important

material which was often left within the wells.

Figure 5.15 — Images of spheroids and growth plates before and after mounting showing rings of cells that are left in the wells after
spheroid removal. A,B — Images of spheroids following 7 days of growth and 5 days of cytokine treatment. C,D — Images of the growth plate
after spheroid was removed with magnetic pen in order to be mounted. Images A-D were taken through the eyepiece of a standard light
microscope at 100x magnification. E — An enlargement of B taken at 200x magnification to show the complexity of the spheroid structure. F
—An image of an spheroid in the growth plate taken on a EVOS XL Core brightfield microscope at x100 magnification. Scale bars = 750um.
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Image A in Figure 5.15 depicts a standard spheroid in a non-adherent 96-well plate after the
magnetic array had been removed. The darker core of cells can be observed as well as the slightly
lighter halo of less dense cells around the outside. This juxtaposes image B in which the spheroid is
large and opaque throughout. This is seen further in image E where the image is enlarged and the
depth and complexity of the spheroid is visible. This contrasts the thin depth of the spheroids seen in
Figure 5.14 and suggests the mounting of the spheroids reduces this. Images C and D show the
aftermath of removing the spheroid from the plate in order for it to be mounted. The images show a
ring of material in the centre of the wells as well as debris, likely introduced during the removal of the
spheroid. Image F is a brightfield image taken using an EVOS microscope highlighting the core cell

bundle and the ring of less dense material around the outside of the spheroid.

5.3 Discussion

The aim of the work in this chapter is to explore the use of organoids or spheroids constructed in
vivo in order to simulate disease. This work follows the 3Rs, a principle championed by NC3Rs, with
the 3 “R”s being replacement, reduction and refinement (Hubrecht & Carter, 2019). These principles
are designed to streamline the use of animal experiments and ensure that animals are being used
ethically within research. The work within this chapter is directly relating to the “replacement”
keystone which states that in vitro models should be developed as a replacement for in vivo models to
ensure animals are only used when necessary. There is currently large knowledge gap regarding
methods of constructing microvascular organoids to perform relevant in vitro studies. Through the
experiments explored in this chapter, the optimisation of the magnetic levitation technique was
undergone to construct spheroids of endothelial cells and pericytes in order to simulate the
interactions between these cells in 3D space. As this is a relatively new technique, first developed by
Souza et al. in 2010, it is still in the early stages of refinement and therefore requires in depth testing to
ensure results are accurate and replicable (Souza et al., 2010). Several groups have attempted to form
3D co-cultures consisting of pericytes and endothelial cells although many of these rely on methods
involving semi-solid media such as collagen gel and medium combined with methylcellulose
in order to increase its viscosity (Sugihara et al., 2020, Chang et al., 2013). Therefore, this study
endeavoured to test this combination of cells using an alternate method to test if it was a viable

option to obtain consistent, well-formed spheroids containing both endothelial cells and pericytes.
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The overall structure of the spheroids was first assessed in Figures 5.2-5.5. By limiting the number of
stains used to just DAPI as a nuclear stain, the complexity of the technique was reduced, and more
care could be taken on the formation and mounting of the spheroids. The images in Figure 5.2
highlight the variability observed in the constructed spheroids, with the control image showing a
more circular and denser spheroid than the spheroid treated with H.0,. This may have been due to
the treatments given, as high levels of oxidative stress is thought to contribute to endothelial
damage and apoptosis (Hayden et al., 2010). However, as there is a large amount of variation within
the treatment groups, which can be seen in the numerical analysis in Figures 5.3-5.5, this is less likely to
be the case. Reference has been made to the lack of uniformity to the spheroids formed,
especially within Figure 5.2. A hypothesis was made that this lack of uniformity may indicate a less
robust interaction between the pericytes and endothelial cells and therefore highlight a limitation
with either the culture or the method of spheroid formation. The spread of data can be estimated
using the coefficient of variation (CV) of data and is calculated by dividing the sample’s standard
deviation by its mean and multiplying by 100. For example, the CV of the data from VEGF treated
spheroids in Figure 5.4 was 80% which would be relatively large as it meant that the standard
deviation was 4/5th the size of the mean. In Figures 5.3-5.5, various measurements of size and shape
were taken such as length, area, and estimated density. These were measured to try and represent
the overall shape and physical characteristics of the spheroids numerically to allow comparison
between treatments and assess the replicability of the formation of the spheroids. An additional
measure of roundness could have also been used which follows the formula perimeter?/4narea
which measures how far the shape deviates from a perfect circle (Bottema, 2000). This was not used in
this case as it was a preliminary study and so only several factors were looked at. In future

experiments it would be useful to include the measure of circularity to the analysis performed.

Further spheroids were then constructed and stained with immunofluorescent markers in order to
visualise the pericytes and endothelial cells. CD31 was used as an endothelial marker and SM22 was
used as a pericyte marker. As SM22 is also known to be expressed on smooth muscle cells, it is not a
good stain for distinguishing between pericytes and smooth muscle cells (Zhang et al., 2020).
However, as only pericytes and endothelial cells from cell lines were used in these experiments,
pericytes did not need to be distinguished from smooth muscle cells. N-cadherin was also included to
explore the cell-cell interactions between pericytes and endothelial cells. The images shown in
Figure 5.6 highlight the varying shape observed in some of the treatment conditions. The TGF-B-
treated spheroids seem to show the breakdown of the edges of the spheroid and a fracturing of the
overall spheroid shape. Similarly, the untreated spheroid also appeared to have fractured although it

had maintained the curvature of the edge of the spheroid and so instead has fractured in the centre
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of the spheroid. This is likely to have happened during the mounting process as no damage was
observed during the growing or treating phases. However, less damage was observed in the VEGF-
treated spheroids which may indicate stronger cell-cell interactions. This may be likely as VEGF is a
cytokine involved in angiogenesis which involves forming interactions and associations between
pericytes and endothelial cells in order to encourage new vessel growth (Hagedorn et al., 2004). The
some of the images in this Figure also contained waves of background interference in the 488
channel which may indicate non-specific binding or errors in the imaging. This also may have been
due to the natural autofluorescence of biological tissues which often occurs in the green channel.
However, negative controls are always performed in order to help to reduce background stain to the

|II

point where only “true signal” remains. The stains from these spheroids were quantified in Figures
5.7-5.10. All three stains had a significantly higher expression in VEGF-treated spheroids. This may be
due to the more robust construction of the spheroids observed in this condition as more cells
present would lead to more expression. This could be explored further by counting the cell nuclei
stained in DAPI and calculating expression per cell. This was not possible in this experiment as the
laser responsible for the wavelength that excites DAPI is a high-energy multiphoton laser that has
been observed to burn material due to the inclusion of the iron nanoparticles within the cells.
Therefore the DAPI stain has not been included in this experiment. The graph in Figure 5.10 was
included to compare between the stains in each condition although it is the same data shown in
Figures 5.7-5.9. Following the construction of these spheroids | instead decided to seed the
endothelial cells and pericytes at a ratio of 5:1 in order to better represent the physiological ranges

which is thought to be between 10:1 to 1:1 (Armulik et al., 2011). This would allow us to possibly

more accurately observe the organisation and interaction observed in the average blood vessel.

New spheroids were constructed, and images are shown in Figure 5.11. These images highlight the
improvement in the shape of the spheroids formed as all images show a mostly intact edge around
the outside of the spheroids with only a slight amount of damage to the exterior of the spheroid.
This suggests that these spheroids were formed more successfully than previous experiments which
is likely due to keeping the magnetic array around the plate for the full growth and treatment period
rather than for only 24 hours as was done when constructing spheroids in Figure 5.6. The images in
Figure 5.11 seem to show that the centres of the spheroids are less dense than around the edge (as
shown by the white arrows). This suggests that there may have been some cell death in the middle of
the spheroids and therefore some loss of density due to the reduction of oxygen and required
nutrients within the middle of the cell mass. This should be investigated further by including a
live/dead stain, for example Zombie Aqua (Nuccitelli et al., 2017) or a stain targeting a measure of

metabolic stress such as AMPK (AMP-activated protein kinase) (Tang et al., 2021). This dark area
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within the centre of the spheroid ,where cells are seemingly not positive for any stain used, could
additionally be a problem with antibody penetration. As this is seen relatively consistently
throughout treatment groups and with DAPI stain, further optimisation of the staining protocol
should occur including the addition of clearing steps such as a “passive clearing technique”
developed by Cora et. al to improve organoid imaging (Cora et al., 2019). Additionally, it seems that
the green stain is brighter in the centre than the red stain which is more situated around the edge.
This may highlight that the core of the spheroid is more likely to contain endothelial cells whilst the
pericytes reside around the outside. However, this is difficult to see from the images in 5.11 as they
were taken on an EVOS M5000 fluorescent microscope so the plane of focus is not exact and exact
location of the stains cannot be accurately determined. To rectify this, images should be taken at
higher magnification on a high-resolution microscope as this would result in better resolution images
and z-stacks to properly investigate the stains in 3D space. This was not technically feasible on the

hardware available.

The method used to create the images in Figure 5.11 was then repeated to investigate a wider range
of treatments. A range of treatments were tested in this pilot study in order to see if any of them
caused a significant difference in the structure of the spheroid. Representative images of these
spheroids are presented in Figure 5.12, although the intensity of the stains were not calculated. This is
due to the variability of the intensity of the stains, highlighted in Figure 5.14. These two images are
technical replicates and therefore should have relatively similar expression and yet clearly one is
much brighter than the other. This may be due to an error in the staining method as this was seen in
several different treatment groups as well. It also may be due to the microscope settings or
variations when imaging. Therefore it would not yield valid results to quantify the expression of
these spheroids. However, structure and shape can still be observed in general to inform on whether
the method was successful. The difference in location of the stains is more apparent in the images in
Figure 5.12 than in the previous Figure. In particular, the spheroids that were treated with H-03,
TNF-a, periostin or TGF-B had stronger isolectin expression in the core and stronger a-SMA
expression around the outside. This could be quantified by looking at the expression of each stainin a
circle around the centre point and in a ring either side of the outside section of the spheroid. This
staining pattern is likely due to issue with either permeabilization of the spheroid or penetration of
the reagent. Currently, methods used in this study relied on 0.3% Triton-X in PBS throughout the
staining protocol. This concentration is relatively low and so could be optimised at a higher
concentration, however this could lead to toxicity due to disruption of the cellular membranes (Fra-
Bido et al., 2021, Koley & Bard, 2010). It is also possible to use Tween 20 instead of Triton-X which has

an additional advantage of excess protein removal and may aid in background signal removal
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(Hoffman & Jump, 1986) as well as being a gentler disinfectant and much harder to depolarise
membranes with (Amidzadeh et al., 2014). It is also possible to use methanol as a permeabilization
agent as well as a fixative as it dissolves lipids in the membranes although this is a very harsh solvent

and can cause deformation of the cell structures (Jamur & Oliver, 2009, Yuan et al., 2017).

In addition to these images shown in Figure 5.12 and 5.13, confocal images were taken of these
spheroids and are shown in Figure 5.14. These images do not fully represent each treatment and are
mainly included as an example of the uses of confocal imaging when working with 3D spheroids.
Max projection images depict each stack taken superimposed on each other in order to observe the
expression of markers throughout the spheroid as a whole. These images are useful to see the
general trend and can be used to quantify expression as each section is in focus and therefore the
location of the stains is more accurate (Jabeen et al., 2019). It is a good way of making a 2D images
which contains all the characteristics of a 3D structure (Cromey & Jansma, 2018). The videos
constructed scrolling through each stack gives more information on where expression and structures
occur along the z-axis. It is useful to see the distribution of the stain, for example if more stain
occurred on the top of the spheroid than the bottom. However, it is difficult to quantify this as it is a
video and may be made up of a large number of images which can be difficult to analyse. The final
images are 3D representations of the z-stack. These are constructed through Imagel and show the 3D
structure of the spheroids. It is very clear that the spheroids have lost their 3D shape upon
mounting and so we have lost the information on 3D structure. This highlights the need for in situ
mounting as it is likely that squeezing the spheroid between a coverslip and the slide would have
caused this shape change. Instead, the spheroids could have been mounted in a semi solid gelatin-
based fluid gel and imaged in speciality glass bottomed culture plate which allows for optical length to
be similar to that of coverslips (Moxon & Smith, 2016, Felip-Leon et al., 2017) Technological
limitations prevented this from being explored as there was not access to an upright confocal
microscope at the time of these experiments and therefore the existing mounting method had to be

relied on.

This mounting method also raised an issue when moving the spheroids from the plate to the slide. A
magnetic pen which was designed to be used alongside the magnetic array was used to pick up the
spheroid. However, this was not always successful and could have led to some damage to the
spheroids or loss of material. It also became apparent, as evidenced in Figure 5.15, that removing
the spheroid from the plate left a residual ring of cells and debris (Figure 5.15.C/D). The debris was
likely introduced during this moving stem as it wasn’t visible during the growth. The cells that were
left behind had likely either not incorporated the iron nanoparticles and therefore were not

magnetic (although these were likely to be removed during medium changes) or they had migrated
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away from the main cell mass. Therefore, as we are aiming to observe and characterise migrating
cells, these cells are very important. If the spheroids were imaged in situ (as shown in Figure 5.15.F)

these cells would still be visible and therefore would be able to be included in subsequent analysis.

To conclude, it was possible to construct 3D spheroids of endothelial cells and pericytes using the
magnetic levitation method. However, this technique requires more refinement, especially related
to the selection of cell-specific markers, mounting and imaging. More exploration into in-situ
imaging should be performed making use of an inverted confocal microscope to image z-stacks of

the full spheroid and construct 3D models which can further be analysed.
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6.1 Introduction

The role of pericytes in allergic asthma is linked to their contributions to airway remodelling, in
particular myofibroblast differentiation and airway smooth muscle thickening (Feng, Mantesso &
Sharpe, 2010). A key factor in this process is the uncoupling of pericytes from their resident blood
vessels and migration towards the inflamed airway, driven by impaired PDGFRB signalling in
pericytes in response to chronic allergic inflammation (Feng, Mantesso & Sharpe, 2010). However,
little is currently known of the migratory capacity of pericytes. This work aims to fill the important
gap in determining the chemotactic stimulus that regulates pericyte migration into areas of
inflammation in the search for druggable targets. Bone marrow mesenchymal stem cells (MSC),
which have many characteristics in common with tissue pericytes, have been shown to express the
receptor CXCR4, and the CXCR4/CXCL12 axis is thought to be the means by which MSCs are retained
within the bone marrow (Rankin, 2012). CXCL12 has also been shown to be upregulated during
tissue injury, and while the dynamics of this upregulation are disputed, research has shown that the
blockade of CXCR4 results in reduced MSC recruitment following burn injury (Diaz-Flores, et al.,
2009, Hu et al., 2013) However, other data suggest that binding of the CXCR4 antagonist AMD3100
serves to increase the mobility of MSCs and enhance their recruitment to bone fractures in mice
(Kumar & Ponnazhagan, 2012). The relevance of the CXCR4/CXCL12 axis in pericyte recruitment and
migration during tissue injury/inflammation is yet to be determined. | aimed to demonstrate in vivo
the means by which pericytes migrate to sites of inflammation and fibrosis in the lung. Under fibrotic
conditions, characterized by high levels of CXCL12 expression in the airways, pericytes were
observed to uncouple from the airway microvasculature and demonstrated enhanced migration
toward chemotactic stimuli. Finally, using a novel neutraligand to suppress CXCL12 activity (LIT-927), |
was able to mitigate pericyte uncoupling from the airway microvasculature, resulting in decreased

airway smooth muscle accumulation and improved symptom scores.

Animal models are an incredibly useful tool in disease research and drug development. They allow
the testing of novel drugs and treatment in complex systems, allowing us to predict any aberrant
consequences or off-target effects before it can affect humans. There are two main animal models
used for simulating asthma in mice: the ovalbumin model and the house dust mite model. The
ovalbumin model was first developed in the early 1990s and focuses on the use of the protein

ovalbumin, found in eggs, to induce an allergic reaction (Tarayre et al., 1991). It involves the
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injection of ovalbumin along with an adjuvant into the perineum to sensitise the mice, followed by
several challenges with the allergen most often through aerosolization (Kim, Song & Lee, 2019).
Studies have shown that this administration of albumin results in the development of the hallmarks
of asthma, including airway, inflammation, increase of IgE, mucus production and influx of
eosinophils (Daubeuf & Frossard, 2014, Kim, Song & Lee, 2019). However, the way this inflammation is
induced is very artificial and does not translate to the way the human condition is developed and
therefore this model is not considered the gold standard in preclinical asthma research. The house
dust mite (HDM) model, developed by Johnson et al. in 2004, aims to address this by using a
common existing allergen to induce inflammation without the use of an artificial adjuvant to drive
the immune response (Johnson et al., 2004). As this method relies on the inhalation of a common
aeroallergen in a way similar to how the human disease develops, this model is more comparable to
the human disease and therefore the effects of drugs on fibrosis caused by this model are more
likely to also be seen in humans. Due to these advantages, the HDM model has now been adopted as

the gold standard in preclinical asthma research.

By harnessing the HDM model in order to simulate allergic asthma, the effect of the novel
neutraligand LIT-927 was assessed. LIT-927 has previously been used by groups in the context of
pulmonary hypertension and allergic airway hypereosinphilia (Bordenave et al., 2019, Regenass et
al., 2018). Regenass et al. established a working dose of 300nmol/kg and therefore this was the dose
used in the subsequent studies described here (Regenass et al., 2018). Through the use of
bronchoalveolar lavage, immunofluorescent staining of both lung sections and tracheal whole
mounts as well as the monitoring of respiratory symptoms, the inhibitory effect of LIT-927 was

observed, highlighting its potential as a therapeutic in the near future.
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6.2 Results
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Figure 6.1 -The dosing schedule used in the HDM model. Female C57/Bl6 mice (6-8 weeks old) were subjected to either sterile
PBS (10 uL) or house dust mite extract (HDM; 25 ug in 10 ulL) five days a week for 5 consecutive weeks. 10ul LIT-927 was given
intranasally at a concentration of 197ng/ml in methyl-8-cyclodextrin 10% w/\v. for the final 3 weeks. Schematic diagram of the
schedule of allergen and drug delivery.

Figure 6.1 depicts the dosing strategy used in the studies performed in this chapter. It involved
dosing C57/B16 mice intranasally with 10ul of PBS containing 25ug of HDM for 5 days followed by 2
days of rest without dosing. This was repeated for 5 weeks to allow fibrosis to develop. After the
initial 3 weeks of dosing, a group of mice was treated with 197ng/ml of the LIT-927 drug intranasally in
10ul of methyl-B-cyclodextrin 10% w/v in the same dosing pattern as HDM. This group also
continued to receive HDM dosing alongside LIT-927 treatment. Several control groups were also
included; one which received sterile PBS instead of HDM and only methyl-B-cyclodextrin instead of
LIT-927, one receiving HDM and methyl-B-dextrin, and one receiving PBS and LIT-927. Upon
completion of the five-week experiment, mice were culled using an intraperitoneal injection of

pentobarbital, and various tissues and cells were harvested in accordance with Home Office

regulations.
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Figure 6.2 — HDM treated mice had more immune cells present in their bronchoalveolar lavage fluid than PBS treated mice.
Female C57/BI6 mice (6-8 weeks old) were subjected to either sterile PBS (10 uL) or house dust mite extract (HDM; 25 ug in
10 ul) five days a week for 5 consecutive weeks. 10ul LIT-927 was given intranasally at a concentration of 197ng/ml in
methyl-8-cyclodextrin 10% w/Vv. for the final 3 weeks. At the end of the protocol, the lungs were removed and
bronchoalveolar lavage (BAL) fluid was collected. Total inflammatory cell infiltrates were enumerated using hematoxylin
and eosin stained cytospin preparations of BAL fluid. n=7, “****” = p<0.0001 with respect to PBS+VEH, “AAA” = p<0.001
with respect to PBS+LIT by one-way analysis of variance (ANOVA) for multiple groups with the Tukey post hoc test..

Bronchoalveolar lavage (BAL) involves performing a PBS wash of the lungs post-mortem in order to
collect immune cells and soluble mediators present in the airway lumen. The cellular component of
the BAL was stained using H&E to visualise the cells and a cell count and differential was performed
using a simple brightfield microscope. Both groups of mice given PBS for the 5 weeks had low levels
of immune cells present in the bronchoalveolar lavage fluid and the end of the treatment period.
Conversely, both groups given HDM for 5 weeks had significantly elevated levels of immune cells in
the lavage fluid (p<0.0001). Both of these groups were significantly different to groups given both
LIT-927 or just the vehicle (p=0.0002) after receiving PBS although there was no difference in the

total cell number present in those given LIT-927 or the vehicle after HDM.
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Figure 6.3 — HDM treated mice had a lower percentage of macrophages present in their bronchoalveolar lavage fluid than
PBS treated mice. Female C57/BI6 mice (6-8 weeks old) were subjected to either sterile PBS (10 uL) or house dust mite
extract (HDM; 25 ug in 10 ul) five days a week for five consecutive weeks. 10ul LIT-927 was given intranasally at a
concentration of 197ng/ml in methyl-8-cyclodextrin 10% w/v. for the final 3 weeks. At the end of the protocol, the lungs
were removed and bronchoalveolar lavage (BAL) fluid was collected. Macrophage infiltrates were enumerated using
hematoxylin and eosin stained cytospin preparations of BAL fluid. n=7, “****” = p<0.0001 with respect to PBS+VEH, “AAAA”
= p<0.0001 with respect to PBS+LIT by one-way analysis of variance (ANOVA) for multiple groups with the Tukey post hoc
test.

Figure 6.3 shows that there was a significant decrease in the proportion of macrophages present in
both of the groups given HDM compared to those given PBS (p<0.0001). Although the number of
cells present in PBS groups was lower (Figure 6.2), a significantly greater percentage of these cells
were macrophages (p<0.0001), likely alveolar macrophages that are abundant in the healthy lung.
Conversely, the mice given HDM had a higher number of cells but a significantly smaller proportion

of them were macrophages. Again, there was no difference following treatment with LIT or vehicle.
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Figure 6.4 - HDM treated mice had a higher percentage of eosinophils present in their bronchoalveolar lavage fluid than
PBS treated mice. Female C57/Bl6 mice (6-8 weeks old) were subjected to either sterile PBS (10 uL) or house dust mite
extract (HDM; 25 ug in 10 ul) five days a week for five consecutive weeks. 10ul LIT-927 was given intranasally at a
concentration of 197ng/ml in methyl-6-cyclodextrin 10% w/Vv. for the final 3 weeks. At the end of the protocol, the lungs
were removed and bronchoalveolar lavage (BAL) fluid was collected. Eosinophil infiltrates were enumerated using
hematoxylin and eosin stained cytospin preparations of BAL fluid. n=7, “****” = p<0.0001 with respect to PBS+VEH, “AAAA”
= p<0.0001 with respect to PBS+LIT by one-way analysis of variance (ANOVA) for multiple groups with the Tukey post hoc
test..

In contrast to macrophage levels shown in Figure 6.3, the PBS groups had very few eosinophils
present in the BAL fluid. However, mice subjected to allergen challenge with HDM had significantly
more eosinophils present than those given PBS. Again, there was no difference in the percentage of

eosinophils following treatment with LIT-927 or its vehicle.
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Figure 6.5 - HDM treated mice had a higher percentage of neutrophils present in their bronchoalveolar lavage fluid than
PBS treated mice. Female C57/BI6 mice (6-8 weeks old) were subjected to either sterile PBS (10 uL) or house dust mite
extract (HDM; 25 ug in 10 ulL) five days a week for five consecutive weeks. 10ul LIT-927 was given intranasally at a
concentration of 197ng/ml in methyl-8-cyclodextrin 10% w/v. for the final 3 weeks. At the end of the protocol, the lungs
were removed and bronchoalveolar lavage (BAL) fluid was collected. Neutrophil infiltrates were enumerated using
hematoxylin and eosin stained cytospin preparations of BAL fluid. n=7, “****” = p<0.0001 and “**” = p<0.01 with respect to
PBS+VEH, “AAAA” = p<0.0001 and “AAA” p<0.001 with respect to PBS+LIT by one-way analysis of variance (ANOVA) for
multiple groups with the Tukey post hoc test..

Similar to the results shown in Figure 6.4, the PBS groups had a very low percentage of neutrophils in
their BAL fluid. In contrast, mice subjected to allergen challenge with HDM had a significantly higher
percentage of neutrophils. Again, there was no significant difference between treatment with LIT-
927 and the vehicle, although the group given HDM and LIT-927 had a greater significant difference to
both the PBS groups than the group given HDM and vehicle although this was likely due to the one

high result in the HDM and LIT-927 group skewing the results.
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Figure 6.6 — Mice treated with HDM had higher average symptom scores than PBS mice, with those given LIT-927 having
significantly lower scores than those given just the vehicle. Female C57/Bl6 mice (6-8 weeks old) were subjected to either
sterile PBS (10 uL) or house dust mite extract (HDM; 25 ug in 10 ul) five days a week for five consecutive weeks. 10ul LIT-
927 was given intranasally at a concentration of 197ng/ml in methyl-8-cyclodextrin 10% w/Vv. for the final 3 weeks.
Symptom scores were monitored throughout the 5-week protocol, with significant differences in symptom score observed
between groups at 5 weeks. Graph shows the average symptoms scores during week 5. n=15 per group from two
independent experiments. “****” = p<0.0001, “***” = p<0.001 with respect to PBS+VEH, “AAAA” = p<0.0001 with respect
to HDM+VEH by one-way analysis of variance (ANOVA) for multiple groups with the Tukey post hoc test..

To conform with Home Office regulations, symptom scores were monitored for each mouse upon
each interaction throughout the 5 weeks of the study. This was to monitor the wellbeing of the mice
to ensure no undue harm was to come of them, as well as to monitor the progression of the allergic
asthma by observing the quality of the breathing and the recovery of the animal following
anaesthetic. All the mice given PBS had values of 0 as no respiratory distress or behaviour changes
were observed throughout the experiment. The mice given HDM and did not get LIT-927 as a
treatment had increasing scores as the experiment progressed, averaging around 4.5 as these mice
were observed sneezing and wheezing, and took longer to recover from the isoflurane anaesthetic.

Mice given HDM and that were treated with LIT-927, however, had statistically decreased averaged
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symptom scores. Following treatment with LIT-927, symptom scores drastically reduced compared
to the mice given HDM but did not receive treatment. However, at the end of the 5 weeks, the mice
given HDM and LIT-927 still had significantly higher average symptom scores than the PBS mice who
had not been exposed to HDM.

As these measurements were taken upon every dosing throughout the five-week experiments, they

can also be shown according to the week in order to observe the progression of the symptoms.
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Figure 6.7 - Mice treated with HDM had higher average symptom scores than PBS mice, with those given LIT-927 having
significantly lower scores following intervention at week 3. Female C57/Bl6 mice (6-8 weeks old) were subjected to either
sterile PBS (10 uL) or house dust mite extract (HDM; 25 ug in 10 ul) five days a week for five consecutive weeks. 10ul LIT-927
was given intranasally at a concentration of 197ng/ml in methyl-8-cyclodextrin 10% w/Vv. for the final 3 weeks. Symptom
scores were monitored throughout the 5-week protocol. Plot shows the mean symptoms score each week. n=15 per group
from two independent experiments. Black arrow indicated when LIT-927 treatment was initiated.

As expected, mice in both the control conditions, PBS/VEH and PBS/LIT did not exhibit any symptoms
of respiratory distress throughout the experiments and their scores remained at baseline. In the first
3 weeks of the experiments, when both the HDM/VEH and HDM/LIT groups were both receiving just
HDM, the symptoms scores rose at a similar rate. The group that did not receive the intervention
continued to exhibit worsening symptoms until the end of the experiment, yet those that were given
LIT-927 alongside HDM began to reduce the severity of their symptoms scores. This indicates that
the intervention with LIT-927 reduces signs of respiratory distress soon after treatment. In addition to
the BAL fluid, tracheas were harvested and immunostained as described in Chapter 2 — Materials and
Methods in order to explore the effect of HDM and LIT-927 treatment on pericytes and to image 3D cell

location in situ.
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Figure 6.8 — Pericytes were observed uncoupling from the vasculature more in the mice just exposed to HDM than those
exposed to HDM and treated with LIT-927. Female C57/Bl6 mice (6-8 weeks old) were subjected to either sterile PBS (10 uL)
or house dust mite extract (HDM; 25 ug in 10 uL) five days a week for five consecutive weeks. 10ul LIT-927 was given
intranasally at a concentration of 197ng/ml in methyl-68-cyclodextrin 10% w/Vv. for the final 3 weeks. At the end of the
protocol, the trachea and bronchi were collected, cleaned, and stained as a whole mount to perform a three-dimensional
analysis of uncoupled pericytes. Tracheobronchal whole mounts were stained for the mesenchymal cell marker a-smooth
muscle actin (a-SMA; red) and the endothelial cell marker CD31 (cyan) and imaged at x400 magnification using confocal
microscopy. Images representative of n=7-8 per group from 2 independent experiments. White arrow indicates coupled
pericytes, green arrow indicates uncoupled pericytes.

The images in Figure 6.8 highlight the behaviour of pericytes in fibrotic lung tissue. Pericytes that
have decoupled from the vasculature (which is shown in cyan) began to express a-SMA and
therefore fluoresce strongly in red. These images are maximum projections taken using z-stacks of
the approximately 100um thick trachea harvested from mice given the treatments outlined in Figure
6.1. The images from the mice given PBS showed fewer pericytes present away from the vasculature
than in the treatment with HDM but not LIT-927. Interestingly, the tracheas that were exposed to
both HDM and LIT-927 also showed less uncoupled pericytes but also showed some a-SMA pericytes

around the vessels (white arrow).
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Figure 6.9 — More pericytes had uncoupled in HDM only tracheas than the control tracheas and those given HDM and LIT-
927. Female C57/Bl6 mice (6-8 weeks old) were subjected to either sterile PBS (10 ulL) or house dust mite extract (HDM; 25
ug in 10 L) five days a week for five consecutive weeks. 10ul LIT-927 was given intranasally at a concentration of 197ng/ml
in methyl-B8-cyclodextrin 10% w/Vv. for the final 3 weeks. At the end of the protocol, the trachea and bronchi were collected,
cleaned, and stained as a whole mount to perform a three-dimensional analysis of uncoupled pericytes. Tracheobronchal
whole mounts were stained for the mesenchymal cell marker a-smooth muscle actin and uncoupled o-SMA+ cells were
counted. Data presented is the number of uncoupled pericytes per field of view. n=7-8 from 2 independent experiments. P-

value is compared to PBS/VEH condition by one-way analysis of variance (ANOVA) for multiple groups with the Tukey post
hoc test..

a-SMA positive pericytes were counted along the full length of each trachea and the average was
calculated per trachea. The numbers of uncoupled pericytes were very similar in the PBS conditions
and the HDM and LIT-927 conditions. However, in the condition that received HDM and vehicle,
there was a slight increase in the number of uncoupled pericytes, although this difference was not
significant and had a p-value of 0.06. The data in Figure 6.9 had a relatively large spread. This may
have been due to natural biological variation or down to imaging issues therefore a counter stain
specific to pericytes such as NG2 or vimentin to ensure all a-SMA positive cells counted are
pericytes. Tracheas may also not be representative of the pericyte migration occurring within the
tissue as much of the migration and therefore remodelling occurs within the bronchi and

bronchioles.
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As LIT-927 targets the ligand CXCL12, the corresponding receptor, CXCR4 was explored to see if LIT-
927 had any effect. This was done through the use of FACS in order to directly calculate the number

of pericytes expressing the receptor.
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Figure 6.10 — Both conditions exposed to HDM had more CXCR4+ pericytes within their lungs than
either control condition. Female C57/BI6 mice (6-8 weeks old) were subjected to either sterile PBS (10
uL) or house dust mite extract (HDM; 25 ug in 10 ulL) five days a week for five consecutive weeks.
Lungs were processed into a single cell suspension and submitted to flow cytometric analysis to
determine the number of CXCR4+ pericytes. N=7 per group, representative of two independent
experiments. “*” = P<0.05, “**” = p<0.01 by one-way analysis of variance (ANOVA) for multiple
groups with the Tukey post hoc test.
There is a significant increase in the number of CXCR4+ pericytes following treatment with HDM in

both conditions. There was also no difference in the CXCR4+ pericytes between the two control
conditions. Interestingly, there was also no significant difference in the number of CXCR4+ pericytes in
the mice given HDM, irrespective of if they were also treated with LIT-927 or not. This suggests that

treatment with LIT-927 had no effect on the expression of the receptor on pericytes.
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Figure 6.11 — HDM-exposed lungs had a thick and continuous layer of smooth muscle around the airways, which was
interrupted following treatment with LIT-927. Female C57/Bl6 mice (6-8 weeks old) were subjected to either sterile PBS (10
uL) or house dust mite extract (HDM; 25 ug in 10 ul) five days a week for five consecutive weeks. 10ul LIT-927 was given
intranasally at a concentration of 197ng/ml in methyl-8-cyclodextrin 10% w/Vv. for the final 3 weeks. ) At the end of the
protocol, lung sections obtained from PBS control and HDM-exposed mice were stained for the pericyte marker PDGFRB
(green) and the mesenchymal cell marker a-smooth muscle actin (a-SMA; red) to assess the infiltration of pericytes into
airway smooth muscle bundles (white arrow indicates smooth muscle layer and black arrow shows pericytes infiltrating into
the smooth muscle layer). Images taken at 400x magnification and are representative of n=8 from 3 independent
experiments. Scale bar = 10um.

These images depict cells around the wall of the airway in lung tissue. In the PBS conditions, the red
layer of smooth muscle cells is very thin and discontinuous. There is also only a slight presence of
PDGFR-B-positive pericytes around these airway walls. In contrast, the image from mice that were
given HDM but not LIT-927 had a very thick and continuous band of smooth muscle around the
airway wall (shown by the white arrow). There was also a large influx of PDGFR-B-positive pericytes
into the subepithelial layer of the airways. However, in the mice given both HDM and LIT-927, the
smooth muscle layer still seemed relatively thick but it had become discontinuous. There was also a
distinct area of PDGFR-B-positive pericytes although these cells are not as numerous as in the HDM

exposed mice given vehicle treatment.

R.E. Bignold, PhD Thesis, Aston University, 2022 137



PBS + VEH PBS + LIT

HDM + VEH HDM + LIT

Figure 6.12 - HDM-exposed lungs had a thick and continuous layer of smooth muscle around the airways, which was thinner
following treatment with LIT-927. Female C57/Bl6 mice (6-8 weeks old) were subjected to either sterile PBS (10 ulL) or house
dust mite extract (HDM; 25 ug in 10 ulL) five days a week for five consecutive weeks. 10ul LIT-927 was given intranasally at
a concentration of 197ng/ml in methyl-B-cyclodextrin 10% w/Vv. for the final 3 weeks. ) At the end of the protocol, lung
sections obtained from PBS control and HDM-exposed mice were stained for the pericyte marker NG2 (green) and the
mesenchymal cell marker a-smooth muscle actin (a-SMA; red) to assess the infiltration of pericytes into airway smooth
muscle bundles (white arrow indicates smooth muscle layer and black arrow shows pericytes infiltrating into the smooth
muscle layer). Images taken at 400x magnification and are representative of n=8 from 2 independent experiments. Scale
bar = 10um.

Again, Figure 6.12 depicts cells within the subepithelial region of the airway wall. Similar to in Figure
6.11, the PBS treated lungs had very thin smooth muscle layers, which are discontinuous throughout
the airway wall. There is also a very small amount of NG2-positive pericytes around the airways.
These trends are also seen in the lungs given HDM and LIT-927. However, the lungs of the mice given
HDM and not LIT-927 contained very thick smooth muscle layers around the airways. There was also
an increase of NG2-positive pericytes in the subepithelial layer, which was not present in the other

conditions.
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Figure 6.13 — The amount of a-SMA stain was greater in lungs exposed to only HDM compared to controls and the lungs
given HDM and LIT-927. Female C57/Bl6 mice (6-8 weeks old) were subjected to either sterile PBS (10 uL) or house dust mite
extract (HDM; 25 ug in 10 ulL) five days a week for five consecutive weeks. 10ul LIT-927 was given intranasally at a
concentration of 197ng/ml in methyl-8-cyclodextrin 10% w/v. for the final 3 weeks. ) At the end of the protocol, lung
sections obtained from PBS control and HDM-exposed mice were stained for the pericyte markers NG2 and PDGFR-8 (green)
and the mesenchymal cell marker a-smooth muscle actin (a-SMA; red) to assess the infiltration of pericytes into airway
smooth muscle bundles Airway smooth muscle thickness was quantified morphometrically using ImagelJ software. Images
taken at 400x magnification and are representative of n=8 from 2 independent experiments. “****” = p<0.0001 with
respect to PBS+VEH, “AAAA” = p<0.0001 with respect to HDM+VEH by one-way analysis of variance (ANOVA) for multiple
groups with the Tukey post hoc test..

The expression of a-SMA from the experiments outlined in Figure 6.9 and Figure 6.10 were
calculated within the region of interest around the airway walls. The percentage of a-SMA in the
mice given PBS was relatively low, and statistically similar to the levels of a-SMA in the condition
with HDM and LIT-927. In contrast, the mice given HDM without the LIT-927 had a percentage of a-
SMA that was statistically higher than both the PBS conditions and the HDM + LIT-927 treated lungs.
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Figure 6.14 — Hypothesis on the effect of HDM and LIT-927 treatment in the different conditions tested. (A) In healthy
control mice, lung levels of CXCL12 are low and pericytes stably surround the pulmonary vasculature. (B) A similar situation
is observed in PBS control mice given LIT-927. (C) Mice exposed to HDM for 5 weeks demonstrate considerable structural
changes in the large airway, including pericyte uncoupling from the supporting vasculature and migration into airway
smooth muscle bundles, where they contribute to airway smooth muscle thickening and lung dysfunction. These structural
changes are accompanied by Th2-polaized airway inflammation and high levels of CXCL12 expression. (D) Topical (i.n.)
administration of LIT-927 to HDM-exposed mice breaks the CXCL12 chemokine gradient at the site of inflammation and
prevents pericyte uncoupling and migration, thereby mitigating smooth muscle thickening and improving symptom scores.

Figure 6.14 is a graphical depiction of the conditions explored in this chapter. Part A shows one of
the negative control conditions were the mice were given PBS and the vehicle. Under these normal
conditions, in the absence of inflammation, low levels of CXCL12 and no LIT-927 present. CXCR4 is
not activated and pericytes do not receive a signal to uncouple from the vasculature, resulting in no
airway remodelling. Part B indicates that when LIT-927 is administered, the low concentration of
CXCL12 under non-inflamed conditions means that there would be few interactions with LIT-927
resulting in no change to the normal function and location of pericytes. The mice shown in part 3
were exposed to the allergen HDM and treated with the drug vehicle. HDM exposure induces robust
Th2 inflammation and elevated expression of CXCL12, which subsequently activates CXCR4, resulting

in pericyte migration from the vasculature and into the subepithelial region of the airway wall,
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where these cells contribute to airway remodelling and lung dysfunction. Finally, in panel D, in mice
exposed to HDM and treated with LIT-927, CXCL12 interact with the neutraligand LIT-927 is
prevented from activating CXCR4 receptors. This results in a reduction in pericyte migration and

airway remodelling compared to the scenario depicted in part C.

6.3 Discussion

The results shown in this chapter highlight a promising area of study and showcase a possible new
drug to treat the airway remodelling observed in allergic asthma. The basis of this study is the
importance of the CXCL12/CXCR4 pathway in allergic asthma. The experimental design, outlined in
Figure 6.1 is based on the house dust mite model and is representative of the disease progression in
human allergic asthma. House dust mite is an incredibly common allergen and can be found
throughout the world with around 1 in 5 adults being sensitised to HDM, making it a useful standard
allergen to use in the study of allergic asthma (Calderon et al., 2014, North West Paediatric Allergy
Network, 2021). The method of administration of the allergen is also relevant to the human disease,
with intranasal administration ensuring the allergen is delivered locally to the lungs which can be
seen as equivalent to the inhalation of allergen in the human disease. It is also a less invasive
method of administration, compared to intraperitoneal or intravenous injection, leading to less
stress for the animal and reducing the effect that increased cortisol levels may have on the response to
the allergen (Meijer et al., 2006). In addition, as it is a relatively simple procedure, user error is also
reduced. The house dust mite extract was obtained from Citeq Biologics and contained extracts from
Dermatophagoides pteronyssinus, the most common species of house dust mite (Doras et al., 2018).
D. pteronyssinus has been shown to contain the allergens Der p 1, Der p 3 and Der p 9, which may be
responsible for initiating the immune response to this allergen. Der p 1 has been shown to have
proteolytic activity and can increase the permeability of the epithelium via the disruption of tight
junctions through the cleavage of occludin, allowing the influx of pro-inflammatory cytokines
produced by Th2 cells and macrophages into the surrounding area and the allergen to travel further
into the submucosal areas (Wan et al., 1999). It is also thought that Der p 1 induces cytokine release
through the activation of PAR-1 receptors, which causes an increase in IL-6 and IL-8, thus
contributing to the inflammation (Asokananthan et. al, 2002a, Asokananthan et al., 2002b).
Moreover, Der p 3 is thought to activate PAR-4 receptors and is responsible for modulating the
opening of calcium ion channels (Lin et al., 2018). This combined approach is likely what leads to the
physiological response to house dust mite exposure both in mice and in humans. HDM treatment
has also been shown to elicit a strong danger signal as it induces the production of IL-33, an
important regulator of the Th2 immune response in allergic inflammation (Dai et al., 2020, Chan et

al., 2019).
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The other most common method for inducing allergic asthma in mice is referred to as the ovalbumin
model. This involves sensitising the mice to ovalbumin via an intraperitoneal injection of ovalbumin,
sometimes combined with adjuvants such as aluminium hydroxide, on days 0, 7 and 14 of the
experiments. Following this, the immune response must also be challenged through a further
injection of ovalbumin at days 26, 27 and 28 before analysis and harvesting could occur on day 30
(Conrad et al., 2009). This method is not very physiologically relevant as it drastically differs from the
induction of the disease in humans. Although these challenges with ovalbumin appear to elicit a
strong Th2 response characterised by increased eosinophils, IgE and IL-4 (Ban et al., 2013), it has
been shown that this is not prolonged and any immune response initiated by ovalbumin
administration returns to a baseline eventually. This is known as inhalation tolerance and poses
issues in using this model for longitudinal studies, highlighting another deviation from the human

disease (Alvarez et al., 2006).

The importance of the CXCL12/CXCR4 gradient in allergic asthma has been discussed as CXCL12 is
often elevated in bronchoalveolar lavage fluid of asthmatic patients and inhibition of CXCR4 have
been shown to attenuate some symptoms of asthma (Negrete-Garcia et al., 2009, Chen et al.,
2015a). It has also been shown that the CXCL12/CXCR4 gradient can contribute to the migration of
mesenchymal stem cells and may therefore contribute to pericyte migration in asthma (Chapter 3)
(Hu et al., 2013). Studies have also shown that pericytes interacting with CXCL12 via their receptor
CXCR4 can encourage pericyte differentiation which may result in increased differentiation into
myofibroblasts and therefore more contribution to airway remodelling via ECM deposition and
smooth muscle cell hyperplasia (Hamdan, Zhou & Kleinerman, 2014). Previous groups have utilised
the small molecule inhibitor AMD3100 in order to block the activity of CXCR4 and disrupt the
gradient (Hamdan, Zhou & Kleinerman, 2014, Chen et al., 2015a, Lukacs et al., 2002). However,
other studies have suggested that, in vivo, AMD3100 may encourage the production and migration of
bone marrow mesenchymal stem cells, which also highly express CXCR4, into the periphery and thus
result in an exacerbation in allergic airway disease (Kumar & Ponnazhagan, 2012). Therefore, instead
of targeting CXCR4 for inhibition, CXCL12 neutralization was the approach chosen here. LIT-927 is a
compound that was derived from the small molecule chalcone 4 (Regenass et al., 2018). It interacts
directly with CXCL12 and prevents it from binding to CXCR4, thus disrupting the chemokine gradient.
As LIT-927 was administered intranasally, this allowed it to exert its action directly at the site of
inflammation, i.e. the airway wall. Moreover, respiratory delivery of LIT-927 could be a promising
addition to current corticosteroid or combination corticosteroid/B2-agonist inhalers that are
currently available for the treatment of allergic asthma. LIT-927 was administered only after 3 weeks

of HDM treatment as studies have shown that remodelling is incipient following 3 weeks of
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exposure to HDM (Johnson et al., 2004). This timepoint was targeted in an effort to suppress
pericyte migration before it is fully established. The potential reversibility of the remodelling
observed in this model has not yet been explored and will require extensive investigation, and is

therefore beyond the scope of this thesis.

As shown in Figure 6.2-6.5, following exposure to HDM, immune cell numbers were increased in the
bronchoalveolar lavage fluid regardless of whether LIT-927 treatment was provided or not. This
suggests that LIT-927 does not interfere with the immune response in allergic asthma and that
eosinophils, neutrophils and monocyte-derived macrophages were able to infiltrate the airway wall
unimpeded. Despite this, in Figures 6.6 and 6.7 it can be seen that symptom scores were markedly
reduced following treatment with LIT-927 compared to those of the mice exposed to house dust
mite and treated with vehicle. The reduction of these scores without apparent interference with the
immune system highlights the importance of the CXCL12/CXCR4 gradient and the contribution of
CXCR4+ mesenchymal cells to airway remodelling, as previous studies have shown that both
inflammation and airway remodelling are determinants of increased airway resistance in HDM-

exposed mice (Johnson et al., 2008).

This hypothesis, i.e. that pericytes directly contribute to airway smooth muscle thickening and
symptom scores, was supported by observing the location of pericytes in the trachea via
immunofluorescence (Figures 6.8, 6.9). The cells in these images that were positive for a-SMA were
determined to be pericytes that are uncoupling from the capillaries based on their vessel orientation
and morphology. The coupled/uncoupled status of pericytes was determined by observing the
wholemounts in three dimensions on a widefield microscope and enumerated by blinded, trained
personnel. It was seen that slightly more pericytes had uncoupled from the vasculature in the group
given house dust mite without LIT-927 than those given house dust mite and LIT-927, and that
treatment with LIT-927 reduced pericyte uncoupling, likely by reducing the chemotactic signal for
pericytes to migrate rather than by affecting the interaction between pericytes and endothelial cells of
the blood vessels, although this should be further investigated by assessing PDGFRP and N-
cadherin expression on pericytes under these conditions. This hypothesis was corroborated in
Figures 6.10 and 6.11, as these images clearly show a thick band of a-SMA positive cells around the
airway wall in the group only given house dust mite which was not present in the group given both
house dust mite and LIT-927. This suggests that treatment with LIT-927 prevents the migration of
pericytes towards the airway wall which is a characteristic cardinal feature in the airway remodelling
observed in allergic asthma (Johnson et al., 2015). The absence of this constrictive barrier of smooth
muscle-like cells would contribute to the easing of such symptoms such as airway constriction and

therefore impacting the reduction of symptom scores observed in Figures 6.6 and 6.7. The
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expression of a-SMA was calculated as a way to quantify the size of these smooth muscle bands, in
Figures 6.11 and 6.12. Pericytes and smooth muscle cells represent a continuum of cells, not binary
entities and therefore they both stain positive for a-SMA. This is why a secondary pericyte stain,
PDGFRPB or NG2 was included, to indicate co-localisation. As CXCL12 acts as a chemoattractant in
vitro and is upregulated within the HDM model, it is likely to be produced by cells residing around the
airways as this was the direction pericytes were migrating. This is corroborated by studies stating that
endothelial cells only produce low levels of CXCL12 compared to other cell types, although which is
the dominant cell type is in contest, with various cell types being suggested such as fibroblasts,
stromal cells and myeloid cells (Greenbaum et al., 2013, Li et al.,, 2020, Borge et al., 2013). In
addition to this, CXCL12 must be secreted around the airway as high concentrations of CXCL12 are
observed within the BAL fluid of asthmatics (Negrete-Garcia et al.,, 2009). Carrying out
immunostaining on lung sections for CXCL12 may help to further elucidate the location of CXCL12

within the airway.

Although this “neutraligand” is very recently developed, it has already shown its utility and potential
as a therapeutic in several scenarios. Regenass et al have shown that LIT-927 was successful in
reducing eosinophil recruitment using the ovalbumin model of eosinophilic asthma (Regenass et al.,
2018). Another group have also shown its potential as a treatment for pulmonary arterial
hypertension. They showed that it prevented pericyte migration in vitro as well as partially reversing
vascular remodelling when administered intraperitoneally (Bordenave et al., 2020). These promising
findings corroborate findings outlined within this chapter and hints to future therapeutic used of LIT-

927.

In summary, this chapter has outlined evidence demonstrating the mechanism by which lung
pericytes migrate to the airway wall in vivo, and contribute to the airway remodelling seen in the
lungs of asthmatic patients. Further studies should continue to explore the effects of LIT-927
treatment on the lungs in vivo, for example using precision cut lung slices in order to measure airway
hyperresponsiveness following methacholine challenges (Liu et al., 2019a) or using invasive methods
such as the Flexivent (McGovern et al., 2013), although these experiments are complicated in the UK as
Home Office regulations forbid the use of a paralytic agent in mice undergoing lung function
measurements (Home Office, 1986). Further pharmacological assessments should be performed
investigating a range of durations and doses of LIT-927 treatment. Clinical studies should also be
eventually performed involving LIT-927 to determine the impact of long-term treatment, including
the possibility of side effects, and to explore the possibility of a treatment in tandem with existing

asthma treatments, such as corticosteroids.
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The scope of this thesis is the modulation of selected growth factors, the effect of these
interventions on tissue-resident mesenchymal stem cells, i.e. pericytes, and how modulating
pericyte biology can have an effect on airway remodelling in allergic asthma. This was achieved by
harnessing a variety of techniques, from classic techniques such as immunostaining and ELISA, to
more complex procedures such as magnetic levitation to form spheroids, and animal experiments.
These techniques were utilised as described in four distinct data chapters in this thesis:. The
Migration of Pericytes In Vitro Can Be Modulated By Growth Factors, Cytokine and Matrikines in the
Microenvironment Including TGF-B, VEGF and Periostin, Matricellular Protein Periostin Promotes
Pericyte Migration in Fibrotic Airways and Can Be Abrogated By Cinnamaldehyde, A New Dimension:
Spheroids Containing a Co-Culture of Endothelial Cells and Pericytes Can Be Constructed Via
Magnetic Levitation, and CXCL12 Drives Pericyte Accumulation and Airway Remodelling in Allergic

Airway Disease.

7.1 Chapter 3 - The Migration of Pericytes In Vitro Can Be Modulated By Growth
Factors, Cytokine & Matrikines in the Microenvironment Including TGF-B, VEGF &

Periostin

The migration of pericytes was initially highlighted as a key event within the airway remodelling in
allergic asthma (Johnson et al., 2015), and so it was decided to explore the factors effecting the
migration of pericytes in order to reduce or reverse this change and therefore reduce the effect of

pericytes on airway remodelling in allergic asthma.

Various growth factors were selected to be explored within this set of experiments. Preliminary
experiments to narrow down possible cytokines and determine effective doses were previously
performed by other lab members and were therefore not included in this thesis. TGF-B was selected
as it is widely associated with tissue fibrosis in many conditions, including chronic kidney disease,
liver fibrosis, spinal cord injury, asthma and even neurological conditions such as amyotrophic lateral
sclerosis (Meng, Nikolic-Paterson & Lan, 2016, Xu et al., 2016, Wang et al., 2018, Doeing & Solway,
2013, Peters et al., 2017). It has been shown that increased TGF-B leads to cell proliferation,
migration, and differentiation of mesenchymal stem cells, all of which can exacerbate remodelling
due to the differentiation of myofibroblasts and increased contractile cell mass around the airway
walls (Xu et al., 2018, Dubon et al., 2018, Willis & Borok, 2009, Johnson et al., 2011). These diverse
effects are likely due to the complex canonical and non-canonical signalling pathways by which TGF-
can influence many different pathways. Proliferation of mesenchymal stem cells is thought to be

mediated by Wnt signalling induced by Smad (Small mothers against decapentaplegic) 3, whilst the
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non-canonical pathway induces many pathways such as Akt (protein kinase B), ERK (extracellular
signal-regulated kinase) and p38 and encourages migration of mesenchymal stem cells (Xu et al.,
2018, Dubon et al., 2018). Differentiation of mesenchymal stem cells into myofibroblasts and
epithelial cells to mesenchymal cells are key sources of myofibroblasts within fibrotic tissue and is
greatly influenced by the activation of ILK (integrin-linked kinase) via Smad3 (Willis & Borok, 2009).
For these reasons, it was concluded that the impact of TGF-B on pericyte migratory capacity would be
a fruitful avenue of exploration. EGF is also known to robustly contribute to increased
proliferation of many different cell types, as well as the activation of PLCy (phospholipase C gamma)
through its interaction with its receptor EGFR thusly encouraging migration trough the Pyk2/paxillin
pathway (Jorissen et al., 2003, Polk, 1998, Choi et al., 2007). VEGF was also included in this
investigation, as is traditionally linked to angiogenesis and therefore is also involved in the
recruitment and migration of endothelial cells (Wang et al., 2011, Shibuya, 2013). VEGF was
therefore tested to see if it could modulate the migration of pericytes as well, as pericytes play an
important role in the structural stability of blood vessels (Yamagishi et al., 1999). Periostin was also
selected as a matrikine to explore as it has strong links to asthma and TGF-B and so was included to
see if it modulates migration of pericytes (Nanri et al., 2020, Izuhara, Ohta & Ono, 2016). Further
information on the study of periostin as well as the inclusion of CXCL12 in this study will be explored in
subsequent sections in this chapter. In addition to the identification of inflammatory mediators that
would be useful to study within the scope of this thesis, a review article was also published
describing a number of cytokines that contribute to inflammation and tissue fibrosis (Bignold &

Johnson, 2021b).

Two different types of migration assays were used within this chapter to assess the migratory
capacity of pericytes. Most of the work was undertaken using Transwell or Boyden chamber assays.
Developed in 1962 by Stephen Boyden, the principle of the assay is that cells must actively migrate
through a membrane containing pores that are only just big enough for the cell to fit through and
often also include a chemoattractant in order to encourage this migration (Boyden, 1962). Transwell
assays are thought to be reliable and replicable as they use standard kit and manufactured
membranes which would be consistent. They are also able to easily be modified into invasion assays by
adding an additional barrier along the membrane such as basement membrane or extracellular
matrix (Guy et al., 2017). The addition of a chemoattractant to the bottom well also allows the
attraction of various cytokines to be assessed at the same time as cytokine treatment allowing
multidimensional analysis (Zhang et al.,, 2016). However, there are several disadvantages to this
method. Firstly, it involves the use of specialised cell culture inserts and so requires additional

resources. In addition, depending on the cell visualisation method used, the enumeration of cells
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could be very challenging. If using a standard crystal violet stain to colour cell nuclei, the dye also
gets stuck within the pores of the membrane and can be falsely included in the cell count. In
addition, if staining with DAPI and using ImagelJ to automatically count the cells, this is not always
accurate as Imagel is sometimes unable to distinguish between individual nuclei if the cells are in
close proximity to each other (as in Figure 3.15). Therefore, it may be advantageous, although time

consuming, to count cells by hand.

Scratch assays were also utilised in this chapter and offer a very simple and yet useful method to
measure cell migration. Scratch assays may also be referred to as would healing assays, although
that is a gross simplification as wound healing is a much more complex and controlled event
including multiple different cell types and signalling pathways. Unlike the previously described
Transwell assays, scratch assays need no special equipment as the scratch can simply be made with a
pipette tip, although automatic scratch makers are available in order to standardise the size of the
scratches (Lee, Kim & Park, 2020). There are several disadvantages to this method, however, with
the main issue observed in pericytes being delamination of cells. This occurred frequently when the
cell monolayer became too confluent during the treatment period and therefore pulled away from
the well bottom when scratched. This was difficult to manage as, in order for the assay to work
effectively, cells should be ~80% confluent at the time of the scratch and, as some treatments
encourage cell proliferation while other suppress it, getting each treatment group to that confluency at
the same time was challenging. However, for all data included, cells were between around 75-90%
confluent. In addition, imaging the same section of the scratch before and after incubation was also
difficult. Certain identifying topological features were attempted to be matched to ensure it was the
same area, although this is relatively unreliable as topography would change when cells migrate. To
combat this, live cell imaging could be used to observe cell migration for the whole incubation
period and the overall dynamics of the migration could be observed and analysed. This, however,
requires expensive long-term cell imaging systems with an incubated stage to provide the necessary

conditions for the assay.

The overall findings in this chapter are that treating pericytes with TGF-B, EGF or VEGF significantly
increases their migratory capacity, but only when measured via the scratch assay. In Transwell
assays, treatment led to decreased migration, although this was likely to be due to increased cell-cell
interactions and cell clumping causing multiple cells to be counted as one. This may also link to
increased N-cadherin expression observed in several other experiments as N-cadherin mediated cell-
cell interactions. The investigation involving pericyte migration also yielded interesting results, with
pericytes treated with TGF-f or VEGF migrating towards living macrophages more than untreated

pericytes as well as dead macrophages. This has informed several additional projects that have since
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started in our lab to further investigate the contribution of macrophage-derived extracellular
vesicles to pericyte migration and inflammation as a whole. It was also shown that pericytes migrate
towards CXCL12 regardless under all experimental conditions. This led to the investigation and
targeting of the CXCL12/CXCR4 gradient, which will be explained in a later section. As well as TGF-B
treatment, periostin treatment also increased the migration of pericytes in scratch assays and also
induced similar clumping to the TGF-B treated cells. Therefore, periostin was highlighted as a target

for further investigation, which will be outlined in the next section.

There are several avenues that could be explored in this research area. One key aspect is the
optimisation of the migration assays used. Cell counting on the Transwell membranes could be
optimised to allow automatic counting by incorporating machine learning algorithms in order to
analyse large data sets quickly and accurately (Moen et al.,, 2020). Alternatively, the optimum
seeding density of pericytes could be explored in order to minimise clumps, but that may be
restrictive as pericytes require intercellular connections to thrive. To optimise scratch assays, certain
products could be used in order to standardise the size of the scratch such as inserts which create a
cell-free space, or automated scratchers (Huang et al., 2019, Yigitbilek et al., 2021). In addition, the
use of a live cell imaging system such as the Incucyte SX1 would allow the observation of migration for

a continuous 24 hours (Cho et al., 2022).

As one of the most novel and promising cytokines explored in the first chapter, periostin, was

selected for more thorough investigation as outlined in the next section.

7.2 Chapter 4 - Matricellular Protein Periostin Promotes Pericyte Migration in Fibrotic

Airways and Can Be Abrogated By Cinnamaldehyde

The main scope of this chapter was to explore the relationship between pericytes and the protein
periostin and examine its link to allergic asthma. The link to between periostin and allergic asthma is
long established, as the serum periostin concentration can be used as a biomarker to indicate severe
or late-onset asthma (Matsusaka et al., 2015). It has also been shown to indicate the increased
involvement of type 2 immunity and therefore can highlight patients as “Th2-high”. This can inform
the likely efficacy of treatments based on targeting IgE or IL-13, such as QGE031, omalizumab or
lebrikizumab, as those deemed as “Th2-low” may not respond effectively to those treatments
(lzuhara, Ohta & Ono, 2016, Pelaia et al., 2018) There has also been suggestions that periostin is also
elevated in other inflammatory lung conditions, such as idiopathic pulmonary fibrosis and interstitial
lung disease. In order to explore this avenue, online databases were utilised whilst research
laboratories were unavailable due to the COVID-19 pandemic. By using online databases and publicly

available data it rases the scope of the research by allowing access to samples and data that would
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normally not be available, particularly to small, underfunded labs. The Gene Expression Omnibus by
NCBI gives access to microarray data from thousands of samples and by using the search terms
POSTN (the gene for periostin) and asthma, 49 experiments with a total of 1,300 samples (Edgar,
Domrachev & Lash, 2002). This was then narrowed down to look specifically at allergic asthma, and
two data sets were selected as they both involved primary lung tissue. Another database that was
used was the “IPF Cell Atlas”, which is a tool that allows researchers to visualise data from six
different data sets, all relating to either idiopathic pulmonary fibrosis or interstitial lung disease
(Neumark et al., 2020). These data sets were useful, as many were categorised by cell type, thus
allowing the expression of periostin to be pinpointed to particular cells or areas. The two data sets
from this database highlighted the increase in POSTN expression in endothelial cells, fibroblasts and
myofibroblasts. Although none of these are technically pericytes, all may actually point towards
pericytes as a source of periostin due to their colocalization and frequent interactions. Fibroblasts
and pericytes have very similar surface protein expression and are often mistaken for each other.
Similarly, it has been suggested that many myofibroblasts are derived from pericytes and therefore
may have a similar expression profile (Humphreys et al., 2010). Another cell atlas was used, i.e. the
Wellcome/Sangar Cell Atlas, showing the location and upregulation of POSTN in asthmatic airways
(Regev, et al., 2017). The co-localisation of the POSTN gene was also explored using the EMBL-EBI
IntAct database, with POSTN having many physical associations with TGFB1, a gene encoding TGF-f1

(Orchard et al., 2013, https://www.genecards.org/cgi-bin/carddisp.pl?gene=TGFB1).

However, there are disadvantages to using databases. Data from several data sets should not be
pooled, even if samples seem to be the same, as experimental conditions may differ. If specific to a
cell type, cell types may be incorrectly characterised, as previously mentioned with fibroblasts. This
could lead to relationships being assumed where none actually occur. In addition, inferring a
relationship between two genes from colocalization databases may be dangerous as colocalization

does not expressly lead to interactions (Uygun et al., 2016).

This chapter contains some migration data, much like the previous chapter. As first suggested in the
previous chapter, data from both Transwells and scratch assays as discussed in this chapter show
that pericytes migrate more readily when treated with periostin as well as TGF-p and IL-13. IL-13 was
thus included in the treatment panel as it has been shown to encourage the production of periostin
(Ito et al., 2018). The fact that periostin elicits a similar effect on migration as TGF-B suggests that

further analysis of periostin/TGF-B crosstalk could be important.

Immunostaining was also a technique which was used several times within this chapter, both on

cultured cells and lung slices from HDM treated lungs. Initially, cultured pericytes were stained with
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an anti-periostin antibody in order to see if periostin was present within pericytes and if cytokine
treatments could induce a production of periostin. This hypothesis was supported in Figures 4.10
and 4.11, as unstimulated pericytes had a weak periostin signal that was increased following
treatment with TGF-B or recombinant periostin. Several other research groups have also suggested
that pericytes may produce periostin under certain conditions, such as within gliomas and following
spinal cord injury, but it has yet to be liked to pulmonary pericytes in asthma (Huizer et al., 2020,
Yokota et al., 2017). Immunostaining is a good technique to visualise the location of certain proteins
and see if they occur in the cytoplasm, along the cell membrane or within the nucleus. It is also
useful to identify cells of interest within whole tissue slices. In this chapter, immunostained images
were also used to identify a ring of strongly periostin-positive cells around an asthmatic airway wall
(Figures 4.12 and 4.13). This narrowed down the type of cells which are likely to interact with
periostin as they should be found around the airway walls, thus solidifying our hypothesis that
pulmonary pericytes produce and interact with periostin in allergic asthma. In addition, there was
also a robust periostin signal within the epithelium which corroborates with studies showing that
epithelial cells produce periostin (Burgess et al., 2021). However, as this thesis focuses on the

contribution of pericytes, this was not explored further.

The advantages of using immunostaining as a method to identify expression of proteins are
numerous. Firstly, it is a very flexible method and can be modified to investigate a wide range of
proteins, from cell-surface markers to intracellular proteins and many different target antibodies are
commercially available. It is also a relatively easy and forgiving method to complete, with timings
and concentrations that can be adjusted to fit experimental or logistical needs. Immunostained
images can also provide results very quickly and easily and may not require further numerical
analysis if they are merely used as preliminary data. The removal of the need for data analysis is
incredibly useful when a quick check is needed to simply see if the protein of interest is present in a

cell or environment.

However, immunostaining can also come with disadvantages. Reagents, although widely available,
can be expensive, especially if multiple different antibodies are required for each experiment. The
quality of antibodies available also varies, with some versions being less effective for certain tissue
and so some optimization is required by titrating the antibodies to the optimal working
concentration. Due to the limited resources and microscopes available to me at Aston University,
only two markers could be tested on a single sample (three stains were possible in one instance
although the microscope capable of far red microscopy was only functional and available to me for a
very small fraction of time). Identifying a protein of interest within a singular cell type in a complex

tissue sample is often not possible with only 2 antibodies that were available to me, especially with
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pericytes which often require several markers for identification as their surface proteins are very
similar to their surrounding cells such as smooth muscle cells or fibroblasts (Bergers & Song, 2005,
Alex et al., 2022) Low quality images may also lead to inaccurate data analysis and therefore a high-
quality microscope is required. To overcome some of these disadvantages, a secondary method

could be used to analyse the expression of proteins, such as western blot.

ELISA was also used in this chapter to investigate the presence of the protein periostin, although this
time in supernatants from cultured pericytes and bronchoalveolar lavage fluid from mice with
allergic airway disease. Much like immunostaining, ELISA tests for specific proteins using antibodies
although instead of creating an image, a colorimetric reaction occurs in proportion to the amount of
protein present. This allows accurate estimation of the concentration of protein in a sample via the
use of a standard curve. The difference between ELISA and immunostaining, in the forms used in
these experiments, is an important distinction as the latter measures intracellular proteins whilst the
former focuses on secreted protein within the microenvironment. However, it is possible to use
ELISA to measure intracellular proteins by methods such as Cell-ELISAs or icELISAs although these
were not explored within this thesis (Molnar, 2019, Scholer et al., 2020). The ELISA performed in this
chapter demonstrated that periostin concentration was slightly elevated in bronchoalveolar lavage
fluid from mice exposed to HDM when compared to control saline mice. This is consistent with
patient serum, as the periostin concentration is increased in asthmatic patient sera, as previously

mentioned (lzuhara et al., 2016).

Several mediators were used to treat cultured pericytes in order to explore what would cause
pericytes to produce periostin. The only cytokine to induce a release of periostin from pericytes was
IL-13 (Figure 4.16). It is important to compare this to the results of TGF-B and periostin treatment
results shown in the immunostaining (Figure 4.10), in which treatment increased intracellular
periostin expression. The distinction between what these two methods demonstrate is important
here, as immunostaining detects periostin inside the cell, whilst ELISA measures extracellular
periostin. These results therefore suggest that treatment of pericytes with TGF-B or periostin causes
periostin to be retained within the cell membrane whilst IL-13 treatment causes pericytes to expel
periostin into the surrounding medium. The mechanisms between these two very different reactions
needs to be elucidated to fully understand the impact of targeting different parts of this reaction
cascade. In addition, the importance of the form of periostin, being either the soluble form or ECM-
bound form, is vital to furthering knowledge of this interesting matrikine. This requires extensive
additional experiments but would be an important and interesting avenue to pursue. In this chapter,
ELISAs which did not yield accurate results were also included to demonstrate a disadvantage of the

ELISA method. User error can have a significant effect on the quality of data obtained, as an
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inaccurate standard curve will always lead to erroneous data since the formula of the curve is used
to estimate the concentration and may highlight imprecise pipetting. The quality of the blocking step
is also incredibly important and requires high quality BSA, an error that was made in several of these
ELISAs, thus preventing specific binding of the periostin or non-specific binding due to incomplete
blocking, leading to nonsensical data. There are several alternative methods that could be used

instead of ELISA including mass spectrometry or western blots.

A main concept that was explored in this chapter is the inhibition of periostin by targeting the
initiator of periostin production, IL-13. This was achieved by using the naturally occurring compound
cinnamaldehyde. There has been an increase in naturally derived medicine in recent years, with a
review on using natural products as drugs being published in Nature as recently as 2021 (Atasnasov et
al., 2021). These sources have been explored in relation to cancer therapy and, more relevantly, anti-
fibrosis and anti-inflammatory medication (Chen et. al, 2018a, Huang et al., 2021, Andrade et al.,
2018). Natural products can be a good inspiration and starting point for developing effective
synthetic compounds, suggesting that it may be more time efficient in research as fewer compounds
need to be tested in order to find one which proves effective as a treatment (Wright, 2019, Granchi,
2022). Novel chemical structures found in nature also provide an interesting starting point to further
optimize and improve the therapeutic nature of these compounds (Dehelean et al., 2021). A recent,
large review spanning just over 38 years explored the use of natural compounds in medicine and
concluded that 1881 drugs containing natural products had been tested, most of which were anti-
cancer drugs or anti-microbial drugs (e.g. anti-bacterial or anti-fungal) (Newman & Cragg, 2020). This

shows that naturally-derived medication is still a fruitful avenue to pursue.

Cinnamaldehyde is a phenylpropanoid extracted from cinnamon bark (most often Cinnamomum
verum, but can be from other members of the Cinnamomum family) and often used as a flavouring
additive or essential oil (Hastings et al., 2016, Kim et al., 2021). The FDA (Food and Drug
Administration) has currently only approved one medical product containing cinnamaldehyde; the
T.R.U.E. Test Thin-Layer Rapid Use Patch Test for allergen sensitisation (Wishart et al., 2006, Fischer &
Maibach, 1985). Cinnamon-based supplements are also widespread and are thought to possess
antimicrobial, antiviral, antioxidant and anti-inflammatory properties (Nabavi et al.,, 2015,
Premanathan et al., 2000, Murcia et al., 2004, Kim et al., 2007, Gruenwald, Freder & Armbruester,
2010). The anti-inflammatory effect of cinnamaldehyde was further explored within this chapter as
several studies have suggested an inhibitory effect it has on IL-13, often via the modulation of Nrf2 or
NF-kB (Mitamura et al., 2018, Rangasamy et al., 2005, Kim et al., 2007). The mechanism by which
cinnamaldehyde inhibits IL-13 is not fully understood, although several studies have demonstrated

that treatment with cinnamaldehyde reduces the effects of IL-13 (Huang & Wang, 2017) with one

R.E. Bignold, PhD Thesis, Aston University, 2022 152



study by Mitamura et al. also linking it to the reduction of periostin in fibroblasts via the activation of
Nrf2 (Mitamura et al., 2018). The aim of this section was to perform initial experiments to explore
the effect of cinnamaldehyde treatment on IL-13 and see if that mitigated the effects of periostin on
pericytes observed earlier on in the chapter. Figures 4.29-4.33 demonstrate that treatment with
cinnamaldehyde following growth factor dosing with either IL-13 or recombinant periostin reduces
the migration of treated pericytes. This effect, however, was not observed following treatment with
TGF-B, as there was no difference with or without cinnamaldehyde treatment. This suggests that
TGF-B treatment and IL-13 treatment may induce periostin production and secretion via different
pathways. This difference may also lead to the difference in location of the periostin following those
two treatments, as previously suggested. Cinnamaldehyde treatment was also explored via
immunostaining, although there was little effect on the expression of intracellular periostin. This
may suggest that cinnamaldehyde may only target the extracellular periostin secreted by pericytes or

has little effect within the cell itself.

Further study should also be completed into the toxicity of cinnamaldehyde. This could be done
through MTT assays or live/dead staining. This is due to several studies which have highlighted
possible damage to cilia within the airways following exposure to cinnamaldehyde (Clapp et al.,,
2019). However, this is often explored in relation to cinnamon-flavour vape fluid and less on the
intranasal administration of cinnamaldehyde. Despite this, prior to in vivo testing, further
exploration into the effect of cinnamaldehyde on ciliated columnar epithelial cells should be
completed. If the toxicity of cinnamaldehyde is deemed too high and cannot be reduced through the
use of analogues, an alternative IL-13 inhibitor can be explored, such as lebrikizumab (Scheerens et

al., 2012).

Data from this chapter has been published in Frontiers in Allergy and has been presented at the
Mercia Stem Cell Alliance Conference in 2019 and at the American Thoracic Society Conference in

2021 and 2022 (Bignold & Johnson, 2021a, Johnson & Bignold, 2021, Johnson & Bignold, 2022).

7.3 Chapter 5 — A New Dimension: Spheroids Containing a Co-Culture of Endothelial

Cells and Pericytes Can Be Constructed Via Magnetic Levitation

This chapter focuses on exploring the construction of spheroids containing endothelial cells and
pericytes, and hypothesising on their uses in the in vivo modelling of asthma in order to reduce the
use of animals in the development of therapeutic interventions. As highlighted within the chapter,
many different methods of forming spheroids are available and all have different advantages and
disadvantages. The magnetic levitation method was selected for use within this study as it resulted in

a consistently sized singular spheroid per well, allowing different treatments to be effectively
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compared. However, this method resulted in several experimental disadvantages, such as mounting
and imaging as well as the structural integrity of larger spheroids. Many of the experiments included
within this chapter involved trying to reduce these factors and optimise the method of forming co-

cultured spheroids.

Images in Figures 5.2 and 5.6 clearly show the structural instability of the spheroids formed as each
images show either spheroids that have completely fragmented or have areas of considerable cell
loss around the edges of the spheroids. It is unclear if this structural damage occurred during growth
or treatment of the spheroids or during the mounting step where the cell masses were transferred to
a mounting slide using a magnetic pen. This method was incredibly troublesome due to the small size
of the spheroids and the weakness of the magnet pen. This often resulted in mechanical damage to the
spheroid and therefore prevented any affects caused by the treatments from being observed. As this
was mainly due to human error, as practice improved this movement as shown in the images in Figures
5.11, 5.12 and 5.14, where the spheroids had a more consistent and spherical shape. This may pose
an issue when using this method with inexperienced lab members, as this technique requires
significant practice. Therefore it would be beneficial to further optimise the mounting section of
this technique in order to increase reproducibility. This may be done by imaging in situ within the
plate rather than transferring onto a glass slide. However, the hardware available at the time of these
experiments were not suitable for this, as one confocal microscope was in the upright configuration
and therefore could not image plates and another confocal microscope was unable to image through
cell culture plastic due to unfavourable optical properties of the plastic compared to glass slides
(Thorn, 2016). There are also several additional issues with transferring spheroids from the culture
plate to a different coverslip in that some important material may also be lost. In Figure 5.15, images
indicate there may have been cell mass left behind in the culture plate when spheroids were removed.
As the overall aim of this method was to observe pericyte coverage and even possibly migrating
pericytes, the cells that left the spheroids may be very important. However, as these images were
brightfield and not stained with something like DAPI, it cannot be confirmed that these are cells and
not just cellular debris. Another issue with mounting on glass slides is the use of coverslips when
imaging in 3D. Understandably, when building 3D cultures, the aim is to produce a 3D image in order
to observe the cell connections completely. However, by using coverslips to mount spheroids, this
3D aspect is greatly reduced. As can be seen in the 3D representations of the spheroids in Figure 5.14,

the spheroids have been flattened compared to their spherical form during growth.

Therefore, it may be profitable to explore the use of 96-well plates that are especially designed for

imaging with a coverslip base (Xie et al., 2020). By using imaging plates, such as Xie et al. has done,
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the compressing effect of the coverslip is negated, yet the issue of successfully moving the spheroid
still remains. It would therefore be useful to combine one of these plates with the magnet array and
fully culture the spheroids within the imaging plate. However, the problem with this method is that
the magnet array is designed to fit normal 96 well plates and may not sit correctly within well plates of
a different shape. Also, many of the current imaging plates available are tissue culture coated rather
than low attachment, which may affect the formation of the spheroids due to possible
attachment to the bottom of the wells. Yet, it is possible to make plates low attachment including
using an agar-based solution in the bottom of the wells as well as the use of polyHEMA, a non-
adherent polymer (Gao et al., 2018, Chen et al., 2015b). Therefore, this aspect of spheroid use needs to

be further optimised in order for this to be a viable method for disease modelling.

Alongside the concerns with mounting, the staining protocol may also need to be optimised further.
The images in Figures 5.11 and 5.12 show a decrease in staining, including DAPI within the core of
the spheroids. This could be due to several factors. Firstly, the centre of the spheroid could have a
reduced density of cells due to increased apoptosis caused by a lack of oxygen diffusing into the cell
mass. However, it is commonly reported that oxygen can diffuse between 100-200um, and the
spheroids have an average diameter of around 150um and therefore they should be fully
oxygenated (Grimes et al., 2016). To test this, EF5 or HIF-1a, markers for hypoxia, could be included in
a staining panel alongside p53 or caspase-3 antibodies to test for apoptosis in order to assess the

health of the cells in the core of the spheroids (Grimes et al., 2016, Ward et, al., 2008).

To conclude, this chapter outlined a possible method for constructing spheroids containing
endothelial cells and pericytes. Aspects of this method should be further optimised, as the mounting
and imaging of the spheroids are not yet ideal. This method may be used in the future to observe
the interactions between endothelial cells and pericytes following various treatments to replicate an

inflammatory and/or fibrotic environment.

7.4 Chapter 6 — CXCL12 Drives Pericyte Accumulation and Airway Remodelling in

Allergic Airway Disease

This chapter explores the use of an in vivo model of allergic asthma to investigate the effectiveness

of a potential drug targeting CXCL12.

As outlined in this chapter, animal models are an incredibly vital tool in drug development. They
allow the detection of off-target effects that can only be observed in an organism. In vivo studies are
also an essential step when developing a drug for clinical trials and all data from animal studies must

be recorded according to ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines (du
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Sert et al., 2020). The first consideration when planning an in vivo study is the animal in which the
drug will be tested. Many animals have previously been used as models, including drosophila,
zebrafish and primates (Hickman et al., 2016). Often, the selection depends on resources available to
house and study the particular animals although each animal is useful for studying different aspects of
disease. By far the most common animals used for disease modelling, and the one used in this study,
is the mouse. It is estimated that 95% of animal experiments take place in mice (Vandamme, 2014).
The ability to create transgenic mice to model certain diseases, such as cancer in the 1980s,
encouraged researchers to develop these animals for in vivo work (Hanahan, Wagner & Palmiter,
2007). There are many transgenic strains of mice which are kept by various private companies, with
the International Mouse Phenotyping Consortium archiving over 6000 strains of transgenic mice
with the C57BL/6 background only, showing the scope of biomedical research in mice (Cacheiro et
al., 2019). As well as C57BL/6 mice, there are several different mouse strains which are commonly
used such as Balb/C, CBA, 129SvEv and CD1 (Sultana, Ogundele & Lee, 2019). Each of these strains
have slightly different characteristics and thus must be considered carefully before a suitable strain is
selected. This study used C57BL/6 mice rather than Balb/C mice. Balb/C mice are more Th2
skewed than C57BL/6 mice as the former produce more IL-4 whilst the latter produce more IL-12
(Trunova et al., 2011). This suggests that Balb/C mice would be more susceptible to allergens and to
presenting an Th2-induced allergic response. Therefore, by using C57BL/6 mice, a more robust

immune response must be triggered in order for the Th2 cascade to be initiated.

Mouse models of asthma have been used since 1994, when the first model of asthma was developed
using an antigen from a water-borne parasite (Schistosoma mansoni). This model resulted in an
influx of eosinophils, neutrophils, monocytes and leukocytes as well as an increase in IL-4 in the
bronchoalveolar lavage fluid. However, this inflammation resolved after 3-4 days and thus started
the years of development to optimise a mouse model of asthma (Lukacs et al., 1994). There are two
main allergens used to stimulate an asthmatic response: ovalbumin and house dust mite. Both of
these allergens can be administered acutely and chronically in order to model different types of

asthma (Nials & Uddin, 2008).

The CXCR4/CXCL12 gradient has long been linked to allergic asthma as well as various other forms of
tissue injury (Chen et al., 2015a, Wong et al., 2015) Although the link to pericytes and their migration
during allergic asthma and in inflammation is yet to be established, the migration of bone marrow
stem cells within injury has been attributed to the CXCR4/CXCL12 gradient (Rankin, 2012, Hu et al.,
2013). Many attempts have been made to disrupt this gradient by using inhibitors of CXCR4 with
molecules such as AMD3100 and BPRCX807 (Chen et al., 2016, Song et al., 2010, Song et al., 2021).

However, as CXCL12 has been seen to be significantly increased in the bronchoalveolar lavage fluid
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of asthmatic patients, instead an inhibitor of CXCL12 was selected for this study (Negrete-Garcia et
al., 2009, Regenass et al., 2018). LIT-927 is a small molecule derived from chalcone-4, which binds to
CXCL12 and prevents it from interacting with CXCR4 through the induction of a conformational
change at the site where CXCL12 interacts with CXCR4 (Bignold et al., 2022). In addition to the
receptor CXCR4 being expressed on pericytes, some infiltrating macrophages also express CXCR4.
This has been assessed by us in the paper Bignold et. al., 2022, and has been suggested that CXCR4+
macrophages still extravasated into the lung but there was slightly less accumulation of these cells in
the airways of HDM/LIT mice (Bignold et al., 2022). However, cell number in these experiments wre
fairly low and it remains unclear as to the contribution of CXCR4+ macrophages on remodelling in

allergic airway disease.

To ensure any physiological effects caused by LIT-927 was not due to immune system modulation,
immune cells were enumerated and differentiated in the bronchoalveolar lavage (BAL). BAL is a well-
established technique which allows the quantification and phenotypic analysis of resident lung
inflammatory cells as well as infiltrating inflammatory cells (Van Hoecke et al., 2017). The numbers
of immune cells, such as macrophages, eosinophils and neutrophils, remained the same whether
mice were treated with LIT-927 or the vehicle, indicating that LIT-927 does not have an anti-
inflammatory effect. This is particularly important, as a subset of tissue-infiltrating monocyte-
derived macrophages expresses CXCR4; the impact of LIT-927 treatment on macrophage activity in
the airways should be more thoroughly examined. These results demonstrate that the observed
impact of LIT-9927 in improving respiratory symptoms was not due to the inhibition of immune cell

infiltration into the airway wall, but rather a non-immune, structural cell type, such as pericytes.

The symptom scores observed throughout the 5 weeks of study highlighted that the treatment with
LIT-927 following exposure to HDM reduced the symptoms of respiratory distress brought on by
HDM exposure. Mice that were exposed to HDM but were not given LIT-927 began to show
symptoms of mild respiratory distress such as sneezing and wheezing (Burkholder et, al., 2012).
These symptoms were reduced in HDM-exposed mice following treatment with LIT-927. The
reduction of symptoms indicated an intervention in the pathology of asthma and highlighted LIT-927
as a potential drug that can be added to the treatment strategy for allergic asthma, with the
advantage that this compound targets disease pathways not impacted by currently available

treatments.

Various immunostained images were included highlighting pericytes within the trachea and lung
sections. The tracheal images show more pericytes uncoupling from the vasculature and migrating in

the HDM condition than the negative controls. This was reduced slightly when treated with LIT-927.
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This reduction of migration may have aided in preventing the accumulation and subsequent
differentiation of pericytes around the airways, which contributes to airway remodelling in allergic
asthma (Johnson et al., 2015). This migration of pericytes was also observed in Chapter 3 and
Chapter 4 and therefore seems to be a key event in fibrosis. The other images show robust
thickening of the airway wall following HDM exposure combined with increased numbers of
pericytes residing around the airway wall, indicated by the pericyte markers NG2 and PDGFRp. As
previously discussed in Chapter 3, several pericyte markers should be used to ensure proper
characterisation of pericytes. This airway wall thickening has been observed in many asthmatic
patients and is a key physiological change observed within asthma which contributes to much of the
dyspnoea often seen in patients (Awadh et al., 1998, Doeing and Solway, 2013). The airway wall
seemed consistently thinner following treatment with LIT-927 and also exhibited reduced
accumulation of pericytes. This shows that fewer pericytes were contributing to airway remodelling,
although it is uncertain whether this was simply due to a reduction in the migration of pericytes or
the reversal of migration, with pericytes moving back towards the blood vessels. Further
experiments should be performed to elucidate the main location of pericytes following LIT-927

treatment within the lung tissue at various stages of disease progression.

In this study, only one concentration and treatment schedule of LIT-927 was tested due to time
constraints. Although this concentration was taken from previous studies involving LIT-927, a full
dose/time-response experiment should be conducted to ensure the dosage of LIT-927 is optimum
for treatment and the minimisation of toxicity. In addition, lung function measurements through the
use of precision cut lung slices and invasive methacholine challenge should be performed once
facilities render this possible. This was initially planned; however, due to the restriction on
international travel during the COVID-19 pandemic, the practical training required to acquire skill in
the precision-cut lung slice technique could not be undertaken. Additionally, further investigations
into the impact of LIT-927 treatment on CXCR4+ macrophages in the lung following allergen
exposure should be undertaken. Although it was observed that the number of macrophages in the
bronchoalveolar lavage fluid was not affected by LIT-927 treatment, further investigations on tissue

macrophages are warranted.

This chapter highlighted a promising new drug and outlined its effect on pericytes in vivo. The drug
discovery pipeline in asthma is a long one, often dominated by large pharmaceutical companies such
as GlaxoSmithKline and Novartis, with particular emphasis lately on anti-IL-4 or anti-IL-5 therapies
(Holmes 2012, Moran & Pavord, 2020). However, | hope that work within this chapter, an my thesis as
a whole, may aid in the discovery and development of new therapeutics targeting remodelling. Data

from this chapter has been submitted to Respiratory Research and can be accessed as a pre-
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print article (Bignold et al., 2022). The data were presented at the American Thoracic Society

Conference in 2020 (Johnson & Bignold, 2020).

Overall, the findings of this thesis highlighted several fruitful areas of further study to contribute to
the advancement of knowledge in this field. These are outlined in Figure 7.1 as well as the main

contributions this thesis has had to the literature.

What factors affect
pericyte migration in
allergic asthma?

Growth Factors and

Cytokines (e.g. TGF-B, EGF, Macrophages Periostin CXCL12/CXCR4
VEGF)

Migration study
optimisations

Suggested crosstalk Showed periostin is Showed periostin affects Showed pericytes migrate
leading to migration produced by pericytes pericyte migration towards CXCL12

Culture optimisations

Future projects involving

extracellular vesicles and

macrophage crosstalking
with pericytes

Highlighted a compound Highlighted a
which was able to inhibit "neutraligand" drug that
periostin-mediated effects can inhibit CXCL12

3D spheroid cultures

owed that this drug
reduced aspects of airway
remodeling and symptoms|
of respiratory distress in a

mouse model of asthma

Future projects involving Future projects
optimisation of investigating
pericyte/endothelial cell cinnamaldehyde as a

3D cultures potential therapeutic

Future projects working to
get LIT-927 into the

asthma drug pipeline

Figure 7.1 — Outcomes of this thesis. A flow chart depicting the main findings and proposed future avenues of study
highlighted from findings within this thesis.

7.5 Disruptions

As with many projects that have occurred over the past few years, there have been several
disruptions to my study. The majority of these disruptions have been due to the SARS-CoV-2
pandemic and the associated lockdowns and restrictions. Aston University was closed between 23"
March 2020 and 24t June 2020, although due to underlying health conditions which make me more

susceptible to the virus, | did not return to the laboratory until 3™ August 2020. During this time, |
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was unable to complete any practical work and minimal data analysis due to being unable to access
the required software. This greatly impacted me, as many of my experiments relied on cell culture
techniques which take several weeks to start up following a closure. Access to facilities and
equipment was also reduced for several months due to social distancing and reduced room
capacities. This reduced the amount of work and time | was able to spend within the laboratory,
further impacting my data collection. As previously mentioned, the restrictions to international
travel also prevented me from undertaking training in the preparation of precision cut lung slices,
which unfortunately prevented me from including lung function measurements in my final data

chapter.

Another large disruption to my studies was caused by the effects of Brexit. This mostly affected the
shipping of cells and reagents, which had previously been delivered the day after ordering; after
Brexit restrictions came into play, these products could take several weeks to months to arrive. This
slowed the rate at which | was able to perform several experiments as well as disruption to cell
culture if | was unable to obtain required medium. There were also several issues with receiving
shipments of cell lines. The HPLPC cell line used throughout these studies were obtained from
Promocell in Germany. They are sent as cryopreserved vials in dry ice which are perfectly viable if
shipping is fast, as it had been in previous years. Following Brexit, upon several occasions, these
deliveries were held up in customs and the cells thawed, resulting in non-viable material. This

caused more delays and disruptions to my cell culture experiments.

There were also many technical limitations that impacted my research. Since November 2021 | was
unable to access a new high-resolution confocal microscope due to not being able to access the
required training. Prior to this, the confocal microscope that was available to me was only able to
produce low-resolution images and was unable to image DAPI due to the laser set-up and the use of
a multiphoton laser which damaged my samples. | was also not able to access a live cell imaging
system as the one in our facility was out of commission for prolonged periods of time and not
replaced until my time in the laboratory was completed. There were also issues with the shared
CytoFlex flow cytometer as manufacturing and maintenance issues caused it to be often out of

service or inaccurate. This prevented me from undertaking any large-scale FACS experiments.
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Supplementary Figure 9.1 — alternative access to multimedia shown in Figure 5.14. QR code linking to 3D
representation of untreated spheroid.
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Supplementary Figure 9.2 — alternative access to multimedia shown in Figure 5.14. QR code linking to 3D
representation of TGF-8 treated spheroid.
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Supplementary Figure 9.3 — alternative access to multimedia shown in Figure 5.14. QR code linking to 3D
representation of periostin treated spheroid.
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Supplementary Figure 9.4 — alternative access to multimedia shown in Figure 5.14. QR code linking to video of
individual stacks of an untreated spheroid.
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Supplementary Figure 9.5 — alternative access to multimedia shown in Figure 5.14. QR code linking to video of
individual stacks of a TGF-8 treated spheroid.
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Supplementary Figure 9.6 — alternative access to multimedia shown in Figure 5.14. QR code linking to video of
individual stacks of a periostin treated spheroid.
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CALCULATION OF RESULTS

Average the duplicate readings for each standard, control, and
sample and subtract the average zero standard optical density (0.D).

Create a standard curve by reducing the data using computer

ofty -apable of d four logistic (4-PL)
curve-fit. As an alternative, construct a standard curve by plotting the
mean absorbance for each standard on the y-axis against the
concentration on the x-axis and draw a best fit curve through the
points on the graph. The data may be linearized by plotting the log of
the human Periostin concentrations versus the log of the O.D. and the
best fitline can be determined by regression analysis. This procedure
will produce an adequate but less precise fit of the data. If samples
have been diluted, the concentration read from the standard curve
must be multiplied by the dilution factor.

TYPICAL DATA

This standard curve is only for demonstration purposes. A standard
curve should be generated for each set of samples assayed.

Human Pericstin Concentration [pg/mL}

SPECIFICITY

The following factors prepared at 50 ng/mL were assayed and
exhibited no cross-reactivity or interference.

Recombinant human: Recombinant mouse:
BIGHI Periostin

Intagrin aVi3

Integrin aVB5

OTHER MATERIALS & SOLUTIONS REQUIRED

DuoSet* Ancillary Reagent Kit 2 (5 plates):

(R&D Systems®, Catalog # DY008) containing 96 well microplates,
plate sealers, substrate solution, stop solution, plate coating buffer
(PBS), wash buffer, and Reagent Diluent Concentrate 2.

The components listed above may be purchased separately:
96 well microplates: (RED Systems*, Catalog # DY990).
Plate Sealers: (R&D Systems*, Catalog # DY992).

PBS: 137 mM NaCl, 2.7 mM KCl, 8.1 mM Na:HPO,, 1.5 mM KH:PO,,
pH 7.2-7.4, 0.2 um filtered (R&D Systems®, Catalog # DY006).

‘Wash Buffer: 0.05% Tween® 20in PBS, pH 7.2-7.4
(R&D Systems®, Catalog # WA126).

Reagent Diluent Concentrate 2: 1% BSA in PBS, pH 7.2-7.4,
0.2 pm filtered (RED Systems®, Catalog # DY995).
‘Quality of BSA is critical (see Technical Hints).

Substrate Solution: 1:1 mixture of Color Reagent A (H:0:) and Color
Reagent B (Tetramethylbenzidine) (R&D Systems®, Catalog # DY999).

Stop Solution: 2 N H,50. (R&D Systems®, Catalog # DY994).

PRECAUTIONS

Some components in this kit contain a preservative which may cause
an allergic skin reaction. Avoid breathing mist.

The Stop Solution suggested for use with this kit is an acid solution.

The Calor Reagent B suggested for use with this kit may cause skin,
«eye, and respiratory irritation, Avoid breathing fumes.

Wear protective gloves, clothing, eye, and face protection. Wash
hands thoroughly after handling. Refer to the SDS on our website
prior to use.

CALIBRATION
This DuaSet* is calibrated against a highly purified NSO-expressed
recombi human Peri d at R&D Systems®.

TECHNICAL HINTS & LIMITATIONS

« We recommend the use of R&D Systerns™ Reagent Diluent
Concentrate 2 (Catalog # DY%95) to prepare Reagent Diluent for
use in this assay.

«The use of high quality Bovine Serum Albumin (BSA) for the
Reagent Diluent is crucial for the optimum performance of the
DuoSet*® ELISA Development kit. Impurities such as proteases,
binding proteins, saluble receptors or other interfering substances
can be found to varying degrees in virtually all BSA preparations
and can inhibit or interfere with the detection of certain analytes.
I thy dard curve d, consider eval a
different preparation of BSA.

« It is suggested to start Reagent Diluent optimization for serurn and
plasma samples by using PBS supplemented with 10-50% animal
serum. Do not use buffers with animal serum to reconstitute or
dilute the Detection Antibody or Streptavidin-HRP A

- It is important that the Reagent Diluent selected for reconstitution
and dilution of the standard reflects the environment of the
samples being measured.

« Avoid microbial contamination of reagents and buffers.

« A thorough and consistent wash technique is essential for
proper assay per & Wash Buffer should be di d
forcefully and removed ly from the wells by
or decanting. Remove any remaining Wash Buffer by inverting the
plate and blotting it against clean paper towels.

- Individual results may vary due to differences in technique,
plasticware and water sources.

« It is recommended that all standards and samples be assayed in
duplicate.

«The use of PBS from tablets may interfere in this assay.

TROUBLESHOOTING

Note: For more detailed troubleshooting, please visit:
www.RnDSystems.com/ELISADevelopment

Poor Standard Curve Poor Precision
- Impure BSA used for Reagent + Unequal volumes added to
Diluent preparation. wells/pipetting error.
- Improper reconstitution +Incomplete washing and/or
and/or storage of standard. aspiration of wells.
- Improper dilution of highest - Unequal mixing of reagents.
standard and standard curve. | L e cotor
« Incomplete washing and/or
aspiration of wells. ""“d“l""‘;d";::'““’f ;
+ Unequal volumes added to Semtame i e,
wells/pipetting error. « Incorrect incubation times or
- Incorrect incubation times or temperatures.
temperatures. +Impure BSA used for Reagent
Diluent preparation.
nnaz2 418

MATERIALS PROVIDED & STORAGE CONDITIONS
Store the unopened kit at 2-8 °C. Do not use past kit expiration date.

STORAGE OF OPENED/
DESCRIPTION PARTS | #VIALS MATERIAL
Human Periastin Said ki
Human Periastin
Desecion Antibody | I | 1981 | gt 10 he ot specticCortficateof s (o A)
aman Perasin >
saxe | ek
Sueptavidin 4RPA | w0303 | 1wl
REAGENT PREPARATION
Bring all reagents to room temperature before use. Allow all
tositfora of 15
after initial Working dilutions should be
prepared and used immediately.

HRP A: 1.0 mLof idi to
horseradish-peraxidase. Dilute to the working concentration specified
on the vial label using Reagent Diluent.

Mouse Anti-Human Periostin Capture Antibody: Refer to the
lot-specific C of A for amount supplied. Reconstitute with 1.0 mL of
PBS. Dilute in PBS without carrier protein to the working concentration
indicated on the C of A.

M Anti-Human
Refer to the lot-specific C of A for amount supplied. Reconstitute with
1.0 mL of Reagent Diluent. Dilute in Reagent Diluent to the working
concentration indicated on the Cof A.

Human Refer to the lot-specific
C of A for amount supplied. Reconstitute each vial with 0.5 mL of
Reagent Diluent. A seven point standard curve using 2-fold serial
dilutions in Reagent Diluent is recommended. Prepare 1000 uL of high
standard per plate assayed at the concentration indicated on the
Cof A

DuoSet” ELISA

DEVELOPMENT SYSTEM
—————

Human Periostin/0SF-2

(atalog Number: DY3548B (15 plates)

For the development of sandwich ELISAs to measure natural and
recombinant human Periostin. The Reagent Diluent recommended
may be suitable for most cell culture supernate, serum, and plasma
samples. The Reagent Diluent selected for use can alter the
performance of an immunoassay. Reagent Diluent optimization for
samples with complex matrices such as serum and plasma, may
improve their performance in this assay.

This kit contains sufficient materials to run ELISAs on at least fifteen
96 well plates, provided the following conditions are met:

«The reagents are prepared as described in this package insert.

- The assay is run as described in the General ELISA Protocol.

»The recommended microplates, buffers, diluents, substrates, and
solutions are used.

This package insert must be read in its entirety before using this product.
Refer to the Certificate of Analysis for component concentrations as they may vary.
For research use only. Not for use in diagnastic procedures.

MANUFACTURED AND DISTRIBUTED BY:

USA & Canada | R&D Systems, Inc.

614 McKinley Place NE. Minneapolis, MN 55413, USA

TEL: (B00) 343-7475 {612) 379-2956 FAX: (612) 6564400
E-MAIL: info@RnDSystems.com

DISTRIBUTED BY:

UK & Europe | R&D Systems Europe, Ltd.

19 Barton Lane, Abingdon Science Park, Abingdon OX14 3N8, UK
TEL: 444 (0)1235 529449 FAX: 444 (0)1235 533420

E-MAIL: info@RnDSystems.co.uk
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24A1 Hua Min Empire Plaza, 726 West Yan An Road, Shanghai PRC 200050
TEL: 486 (21) 52380373 FAX: +86 (21) 52371001

E-MAIL: info@RnDSystemsChina.com.cn
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GENERAL ELISA PROTOCOL
Plate Preparation

1. Dilute the Capture Antibody to the working concentration
in PBS without carrier protein. Immediately coat a 96-well
'microplate with 100 pL per well of the diluted Capture
Antibody. Seal the plate and incubate overnight at room
temparature.

2. Aspirate each well and wash with Wash Buffer, repeating the
|process two times for a total of three washes. Wash by filling
each well with Wash Buffer (400 ul) using a squirt bottle,
manifold dispenser, or autowasher. Complete removal of liquid
at each step I e. After the last
wash, remove any remaining Wash Buffer by aspirating or by
inverting the plate and blotting it against clean paper towels.

3. Block plates by adding 300 uL of Reagent Diluent to each well
Incubate at room temperature for a minimum of 1 hour.

4. Repeat the aspiration/wash as in step 2. The plates are now
ready for sample addition.

Assay Procedure

1. Add 100 L of sample or standards in Reagent Diluent, or an
appropriate diluent, per well. Cover with an adhesive strip and
incubate 2 hours at room temperature.

2. Repeat the aspiration/wash as in step 2 of the Plate Preparation.

3. Add 100 pL of the Detection Antibody, diluted in Reagent
Diluent, to each well. Cover with a new adhesive strip and
incubate 2 hours at room temperature.

4. Repeat the aspiration/wash as in step 2 of the Plate Preparation.

5. Add 100 L of the working dilution of Streptavidin-HRP A to
each well. Cover the plate and incubate for 20 minutes at room
temperature. Avoid placing the plate in direct light.

6. Repeat the aspiration/wash as in step 2.

7. Add 100 pL of Substrate Solution to each well. Incubate for
20 minutes at room temperature. Avoid placing the plate in
direct light.

8. Add 50 uL of Stop Solution to each well. Gently tap the plate to
ensure thorough mixing.

9. Determine the optical density of each well immediately, using
amicroplate reader set to 450 nm. If wavelength comrection is
available, set 1o 540 nm or 570 nm. If wavelength correction
is not available, subtract readings at 540 nm or 570 nm from
the readings at 450 nm. This subtraction will correct for optical
imperfections in the plate. Readings made directly at 450 nm
without correction may be higher and less accurate.

Supplementary Figure 9.7 — Manufacturers protocol for the human periostin ELISA DuoSet by R&D Systems.
(accessed at https://www.rndsystems.com/products/human-periostin-osf-2-duoset-elisa_dy3548b#product-

datasheets)

R.E. Bignold, PhD Thesis, Aston University, 2022
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