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Abstract

Dysregulated host responses to infection can turn the immune system from being the hero that wins
the battle against harmful invading pathogens, to the enemy within that has the capacity to kill the
host it was supposed to be protecting. This is the case in sepsis, which contributed to approximately
20% of worldwide deaths in 2017, and also in severe COVID-19, which killed over 5 million people up
to December 2021. This thesis aimed to study the inflammatory responses involved in host immune

system dysregulation.

One of the major problems in this dysregulation is the formation of thrombi by platelets and other
blood components, which can lead to blockage of blood vessels, starving organs of oxygen. Invasive
non-typhoidal Salmonella is a bloodstream infection estimated to cause >75,000 deaths per year,
predominantly in sub-Saharan Africa. Whilst many different bacterial strains have been shown to
interact with human platelets leading to their aggregation, whether Salmonella Typhimurium can do
this was unknown. In this thesis | studied the interactions between Salmonella Typhimurium and
platelets using platelet aggregometry, revealing Salmonella Typhimurium can indirectly activate
platelets in a donor dependent manner, linked to the level of antibodies recognising Salmonella in the

donor plasma. Platelet aggregates also form under physiological flow conditions over Salmonella.

Investigating the broader environment of the blood vessel by bringing endothelial cells into the study
revealed binding interactions between these cells and Salmonella Typhimurium, which was
strengthened upon the addition of IgG. Platelet adhesion occurred on Salmonella primed endothelial

cells under both venous and arterial flow conditions, at sites distal to the Salmonella.

This thesis also investigated inflammatory responses to SARS-CoV-2, the pandemic of which was still
severely disrupting the world at the start of this PhD. We found that SARS-CoV-2 protein-antibody

complexes activate the classical complement pathway, with levels of complement activation differing



between convalescent COVID-19 patients who did not require hospital treatment versus those that

did.

Overall, this thesis investigates and argues that three major components in blood vessels: platelets,
endothelial cells, and complement, are all capable of contributing to the dysregulated host immune

responses leading to severe damage.
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CHAPTER 1: INTRODUCTION

As long as humans have been on earth, they have been co-existing with, and fighting against
pathogens. Whilst the adaptive immune system is thought to have evolved approximately 500 million
years ago in jawed fish (Flajnik and Kasahara, 2010), one of the earliest recorded human interactions
with pathogens are the smallpox lesions found on a preserved mummy from 1145 BCE (Morens et al.,
2020). The earliest recorded pandemic, the “Plague of Athens”, took place in 430 BCE and killed 25%
of the population of Athens (Littman, 2009). Whilst it is debated which pathogen caused this plague,

smallpox, plague, and Salmonella Typhi have all been proposed (Littman, 2009).

Fast-forward to the present day, and we are still at war with pathogens. With the ability to cause both
acute and chronic illness, there is still an incredible amount of research to be done in order to
understand host-pathogen interactions and how best to treat the myriad of conditions pathogens can
cause. For example, the COVID-19 pandemic caused severe disruption worldwide, with 287 million
confirmed cases reported up to 31 December 2021, and an estimated global excess of deaths of 14.83
million (Msemburi et al., 2023). Furthermore, sepsis, whereby host responses to infection become
dysregulated and lead to life-threatening organ dysfunction, contributed to 20% of worldwide deaths

in 2017, with a total of 48.9 million cases (Rudd et al., 2020).

Both sepsis and COVID-19 are associated with thrombosis. Disseminated intravascular coagulation
(DIC) takes place in approximately 35% of sepsis patients, and most septic patients will develop
thrombocytopenia (Levi and van der Poll, 2017). Approximately one third of patients with severe
COVID-19 (receiving intensive care treatment) experienced thrombotic complications during the initial
outbreak (Klok et al., 2020). The coagulopathy associated with COVID-19 shares some features with
DIC, but is distinct, with a higher frequency of venous thromboembolism and arterial thrombosis, and

higher D-dimer and fibrinogen levels in severe COVID-19 (lba et al., 2020, Knight et al., 2022).



With clear morbidity and mortality arising from infections, but also being worsened by dysregulated
host responses, such as in sepsis, the work in this thesis focusses on unravelling aspects of host
thromboinflammatory responses in one bacterial example, Salmonella, and one viral example, SARS-

CoV-2, which are introduced in the following sections.

1.1 Salmonella enterica

Salmonella are Gram-negative, rod-shaped, flagellated bacteria. There are just two species (see Figure
1.1), with S. bongori and S. enterica subspecies ll, llla, lllb, IV and VI tending to be found in cold-blooded
vertebrates and the environment rather than clinical isolates (Fabrega and Vila, 2013). Nearly all
clinical isolates therefore belong to S. enterica subspecies |, which contains more than 1000 serovars
(Brenner et al., 2000). Typhoidal Salmonella serovars, such as S. enterica Typhi and Paratyphi are
largely human-restricted, and are the causative agents of typhoid fever — a life-threatening invasive

disease (Gal-Mor et al., 2014). These serovars are endemic in the developing world where clean water

Salmonella

‘ Species | | S. bongori | ‘ S. enterica |

| nma b v vi |
Typhoidal Non-typhoidal

e.g. S Typhi e.g. S. Typhimurium
S Paratyphi S. enteritidis

T\;Fr):: Idha;j NTS invasive
P P gastroenteritis NTS

fevers

Figure 1.1: Classification of Salmonella species.

and sanitation facilities are lacking. In contrast, serovars causing non-typhoidal Salmonella are present
worldwide, and generally cause self-limiting gastroenteritis in the developed world. However, some
non-typhoidal Salmonella serovars, for example S. Typhimurium sequence type (ST) 313, are able to
cause invasive disease, and have become a leading cause of bacteraemia in sub-Saharan Africa

(Morpeth et al., 2009). This invasive non-typhoidal Salmonella is discussed further in section 1.1.2.



1.1.1 Salmonella outer membrane structure

As a Gram-negative bacterium, the Salmonella cell wall contains an inner membrane, periplasm, and
an outer membrane (Figure 1.2). Lipopolysaccharide (LPS) forms the outer leaflet of the outer
membrane, and each molecule is made up of lipid A, core oligosaccharide, and repeating O-antigen
units. Lack of O-antigen renders Salmonella strains avirulent (Fierer and Guiney, 2001). Salmonella O-
antigens are synthesised by the Wzx/Wzy pathway, with mutant strains lacking wzy only able to
express a single O-antigen unit, and mutant strains lacking wbaP unable to synthesise any O-antigen

units at all (Wright and Kanegasaki, 1971).

O-antigen

LPS 3
Core
saccharide

Lipid A )
Outer
membrane
Peptidoglycan
Periplasm
Cell
membrane

Figure 1.2: Structure of Salmonella outer membrane. Lipopolysaccharide is made up of lipid A in the outer
membrane, to which core saccharide and repeating O-antigen chain lengths are attached. O-antigen chain
lengths vary from 0 - >100 repeats. OMP = outer membrane protein. Adapted from (Silhavy et al., 2010).



1.1.2 Invasive non-typhoidal Salmonella

Whilst for immunocompetent individuals in developed settings non-typhoidal Salmonella typically
manifests as self-limiting gastroenteritis, the picture is different in sub-Saharan Africa. Here, highly
invasive forms of S. Typhimurium have emerged, labelled as clade ST313 (Figure 1.3). These strains are
able to cross the gut barrier and enter the bloodstream, causing invasive non-typhoidal Salmonella
(iNTS), and are now the dominant isolates in many sub-Saharan regions (Feasey et al., 2012). Strains
are becoming increasingly multi-drug resistant (Van Puyvelde et al., 2023), with the representative
epidemic strain D23580 resistant to streptomycin, sulphonamide, chloramphenicol, ampicillin and

trimethoprim (Yang et al., 2015).

In adults, the main risk factor for iNTS is HIV, followed by old age. Children have more risk factors, with
malnutrition, current or recent malaria (especially severe malarial anaemia), and sickle-cell anaemia

increasing risk, as well as HIV (Feasey et al., 2012).

ST19

DT104
LT2

SL1344
SL3261

A130

D23580°° 5579
ST313

Figure 1.3: Radial phylogram showing the relationship of S. Typhimurium isolates. Branch lengths show the
number of single nucleotide polymorphisms. Black square shows ancestral root. Yellow circles are clade ST313,
red circles are clade ST19. Adapted from (Kingsley et al., 2009).



1.1.3 Clinical aspects of invasive non-typhoidal Salmonella

Patients experiencing an iNTS infection typically present with fever, with diarrhoea being uncommon.
Diagnosis is difficult due to the lack of pathognomonic presentation — there are many other diverse
symptoms, ranging from splenomegaly, severe anaemia and pneumonia, often due to co-infections.

Therefore, blood cultures are the only way to know someone has iNTS.

Unfortunately, diagnosis is difficult, with a lack of blood culture facilities throughout Africa. Even when
these facilities are present, the length of time blood cultures take to provide results (>48 hours), means
iNTS causes significant morbidity and mortality. The lack of facilities also means obtaining accurate
statistics on the impact of iNTS is difficult. Estimates from the Global Burden of Disease Study (GBD)
suggest globally 535,000 cases of iNTS occurred in 2017, leading to over 77,500 deaths (Stanaway et
al., 2019). The highest incidence of cases was in sub-Saharan Africa, at 34.5 cases per 100,000 person
years. A meta-analysis carried out since the GBD study suggests a slightly higher incidence in Africa at
51 cases per 100,000 person years (Marchello et al., 2021). A further study focussing on mortality
suggested a fatality rate of 15%, with septicaemia being the most prevalent complication, occurring in
57.2% of participants studied (Marchello et al., 2022). Those with HIV are at significantly higher risk of

mortality due to iNTS, with the odds of death increasing by 2.4 (Marchello et al., 2022).

1.2 COVID-19

The SARS-CoV-2 virus was first reported in China in late December 2019. By March 2020 the virus had
spread across the world, leading to its declaration by the World Health Organisation as a global
pandemic (WHO, 2020). Up to the end of 2021, more than 287 million confirmed cases had been

reported, along with over 5 million confirmed deaths (Msemburi et al., 2023).

The illness caused by SARS-CoV-2 virus infection is named COVID-19, and people are very variably
affected, from asymptomatic infections, through to those requiring mechanical ventilation in hospital

through to fatality. It is now well appreciated that certain factors lead to higher risk of severe COVID-



19 and mortality, including increasing age, the male gender, smoking and obesity (Dessie and Zewotir,
2021) as well as chronic kidney disease, heart failure and diabetes (Wingert et al., 2021, Kaeuffer et

al., 2020).

1.2.1 Severe COVID-19

Although extremely difficult to quantify due to limited testing at the start of the pandemic, and a lack
of appreciation of the level of asymptomatic cases, estimates from meta-analyses suggest the initial
Wuhan SARS-CoV-2 outbreak led to severe COVID-19 disease in approximately 23% of people, and

mortality in 6% of those infected (Li et al., 2021a).

Although many viruses that enter the body via the respiratory tract are restricted to infecting this area
of the body (White and Brown, 1999), other viruses are capable of disseminating more widely
throughout the body (e.g. measles and rubella) (White and Brown, 1999). SARS-CoV-2 falls into the
latter category in severe disease, with wide ranging affects from kidney injury to myocarditis to skin
infection, with the effect of SARS-CoV-2 on organs reviewed here in Lopes-Pacheco et al. (2021) and
Gavriatopoulou et al. (2020). In terms of the bloodstream, although infective SARS-CoV-2 has not been
able to be cultured from the blood of those with COVID-19 (Andersson et al., 2020, Saa et al., 2022),
many studies have shown SARS-CoV-2 RNA (Jacobs et al., 2022, Stein et al., 2022, Hagman et al., 2022,
Giacomelli et al., 2023, Jarhult et al., 2021, Andersson et al., 2020, Wang et al., 2020, Li et al., 2021b,
Myhre et al., 2021, Saa et al.,, 2022) and spike and nucleoprotein antigens are present in the
bloodstream (Ogata et al., 2020, Hingrat et al., 2020) . High levels of RNAemia and N antigenemia are
associated with worse outcomes (Jacobs et al., 2022, Hagman et al., 2022, Jarhult et al., 2021, Li et al.,

2021b, Costa et al., 2022, Verkerke et al., 2022, Wick et al., 2022, Zhang et al., 2022).

1.3 The immune system

In order to fight off the innumerate number of pathogens humans will encounter across the course of

their lifetime, the immune system has evolved over thousands of years (Buchmann, 2014). The body



needs layers of defence in place to protect itself from unwanted invaders, and these can be generally
split into the two branches of the immune system: the innate immune system and the adaptive

immune system.

1.3.1 The innate immune system

The innate immune system is the non-specific, first line of defence against pathogens. The different
types of barriers that make up innate immunity can be split into anatomical/physiological barriers,
cellular barriers and humoral barriers. Examples of anatomical and physiological barriers include intact
skin, mucous membranes for trapping microbes, the low pH of the stomach to kill pathogens and
enzymes such as lysozyme that can cleave bacterial cell walls (Marshall et al., 2018, Turvey and Broide,
2010). Humoral immunity comprises anti-microbial peptides, and the complement pathway (see
section 1.4) and cellular innate immunity includes the non-specific actions of macrophages, dendritic
cells, natural killer cells, platelets and neutrophils. These cells are able to recognise pathogens via
pathogen associated molecular patterns (PAMPs), such as double-stranded RNA, LPS and flagellin.
Whilst the innate immune system provides a fast response to pathogens, and can recognise PAMPS, it
is unable to recognise pathogen-specific antigens, which is where the adaptive immune system comes

in.

1.3.2 The adaptive immune system

The hallmark of the adaptive immune system is immunological memory to specific antigens, whereby
antigen-specific responses to repeat infections of the same pathogen can be induced much more
quickly upon reinfection. Antigen-presenting cells, such as dendritic cells and macrophages,
phagocytose pathogens and present fragments of the microbe on their cell surface. This allows
activation of T cells into either cytotoxic T cells, which express CD8 and release enzymes to destroy the

pathogen, or helper T cells, which express CD4 and can activate B cells. B cells then proliferate and



differentiate into memory B cells, which allow a quick response upon reinfection, or plasma B cells,

which produce large amounts of antibody.

1.3.3 Antibodies

Antibodies have multiple functions. Firstly, antibodies can neutralise pathogens by binding to them
and blocking their attachment to cells, thereby stopping cell entry or damage (Forthal, 2014).
Antibodies can also act as opsonins, where the antibody coating the pathogen labels it as ready for
phagocytosis (Murphy et al., 2008). An additional function of antibodies is to activate the classical

complement system (see section 1.4), which leads to destruction of the pathogen by cell lysis.

There are five antibody subclasses: IgA, IgD, IgE, 1gG and IgM. IgG is the most abundant isotype in
serum, followed by IgA, IgM, IgD and IgE (Janeway et al., 2001b). Each have specialist functions and
tissue distribution, for example, IgA is primarily found at mucosal sites, whereas IgE is predominantly
located in tissues, bound to mast cells and basophils. Most relevant to this thesis are 1gG and IgM,

described further below.

1.3.4 IgM

IgM is the first antibody isotype to be produced by B cells, but in a primary response they tend to be
of low affinity. However, in the blood, IgM is typically in the form of pentamers or hexamers (Brewer
et al., 1994), whose 10 or 12 antigen binding sites combined allow high affinity binding (Murphy et al.,
2008). This ability to bind multiple repeated antigens makes IgM particularly effective at binding
bacterial capsules for example. Due to the large nature of these IgM complexes (>900 kDa), their
location is mainly restricted to the bloodstream (Sathe and Cusick, 2022), although they can be directly
trafficked across the mucosal epithelium by the polymeric immunoglobulin receptor (Matsumoto,
2022). The main function of IgM antibodies is to activate the classical complement pathway, and their

oligomeric nature makes them the most efficient isotype at doing so (Sorman et al., 2014).



1.3.5 IgG

IgG makes up the largest proportion of antibody in the blood, and unlike IgM, is mostly monomeric,
allowing it to leave the bloodstream and enter tissues. In a similar manner to IgM however, it can form
hexamers, the higher affinity of which can enhance complement activation (Diebolder et al., 2014). It
is further splitinto subclasses 1-4, each having slightly different functions. On the whole, IgG antibodies
are effective at neutralising and opsonising pathogens (Murphy et al., 2008). 1gG3 is the most efficient
IgG subclass at activating the complement system, followed by IgGl (Sorman et al., 2014). 1gG1
subclass antibodies are often induced to proteins, along with lower levels of IgG3 and I1gG4 (Vidarsson
et al., 2014). 1gG2 antibodies tend to be induced to bacterial capsular polysaccharides, and 1gG4 is

often induced by allergens (Vidarsson et al., 2014).

1.4  The complement system

The complement system is often described as being the bridge between the innate and adaptive
immune system. Made up of over 40 different proteins found in blood plasma and cell surfaces, the
proteolytic complement cascades begin with the identification of a pathogen, leading to the cleavage
of complement proteins into anaphylatoxin and opsonin fragments, ending with the assembly of the
membrane attack complex on the pathogen surface. Three different pathways make up the
complement system, the classical, lectin and alternative pathways. Despite their different initiation
steps, they all lead down the cascade to the same end point: pathogen opsonisation, lysis, and

recruitment of inflammatory mediators (Figure 1.4).
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Figure 1.4: Summary of the three different complement pathways, all converging to have the same outcomes,
taken from (Dunkelberger and Song, 2010). The three complement pathways all have different triggers, but
converge at the terminal pathway (C5 convertase) to give the same outcomes, of inflammation, lysis and
opsonisation.
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1.4.1 The classical complement pathway

| !

C5 convertase

{C5b | C6 | C9
NVAPANS
C7 | C8
<
Membrane

attack complex

Figure 1.5: Summary of the classical
complement pathway cascade. Binding of
Clq to an antibody-antigen complex starts
the classical complement cascade, leading
to inflammation, opsonisation and lysis.
Ag = antigen.

The first component of the classical pathway is Clg. A
hexameric molecule, with six globular heads and triple-
helical collagen-like tails, arranged in a so-called “bunch-
of-tulips” fashion, it has further components C1r and Cls
bound to the tails. Activation of the pathway via Clq can
occur in three different ways: binding to the antigen-
antibody complex; binding to antigen-C-reactive protein
complex; or direct binding to the bacterial surface
(Murphy et al., 2008). Upon this binding of the globular
heads, a conformation change occurs in Clr, which can
then cleave and activate the Cls zymogen. The Cls can
now cleave C4 into C4a and C4b, with C4b binding to the
adjacent pathogen or cell surface. This cleavage leaves
C4b with a highly reactive thioester bond, which is quickly
hydrolysed by water if the C4b is unable to bind the
pathogen surface, thereby being an inbuilt safety
mechanism. C2 binds this C4b, and is cleaved into two
parts by Cl1s, with the C2a component remaining bound to
the C4b. The C4b2a complex makes up the C3 convertase,
with serine protease C2a cleaving C3 molecules into C3a,
an anaphylatoxin promoting inflammation, and C3b, an
opsonin. C3b can either coat the pathogen surface,
labelling for phagocytosis or it can stay bound to C4b23,

making the C4b2a3b C5 convertase. C5 binds to the C3b
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part of the convertase, whereby is it cleaved into C5a and C5b, again by the C2a serine protease. This
is the last proteolytic step of the cascade (Figure 1.5), leading on to the formation of the membrane
attack complex (MAC). In brief, C6 and C7 bind to the C5b, with C7 inserting itself into the pathogen
lipid bilayer. Further binding of C8 and C9 allows the formation of the MAC pore structure. This
hydrophilic ~100A diameter pore leads to osmotic cell lysis and destruction of the pathogen —
importantly nucleated, metabolically active mammalian cells are resistant to lysis by the MAC (Morgan,

1989).

1.4.2 Complement opsonisation

When C3b is formed, up to 1000 molecules can bind in the vicinity of a single active C3 convertase
(Murphy et al., 2008). These C3b molecules act as opsonins, labelling the pathogen, and are recognised
by complement receptor 1 (CR1), expressed on neutrophils and macrophages. This recognition alone
does not lead to stimulation of phagocytosis, with a further signal needed. For example, C5a co-
stimulation is needed to activate macrophages to phagocytose pathogens bound to the CR1 receptor.
Extracellular matrix proteins such as fibronectin are also capable of providing this further signal to

allow phagocytosis (Janeway et al., 2001a).

1.4.3 Complement anaphylatoxins

As well as MAC formation and C3b opsonisation, the anaphylatoxin fragments produced in the
complement cascade play equally important role. Able to increase vascular permeability and smooth
muscle contraction, along with phagocytic cell recruitment, the anaphylatoxins provide initiation of

the adaptive immune system. Table 1.1 details the functions of the three anaphylatoxins.
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Table 1.1: The effects of complement anaphylatoxins

Anaphylatoxin Effect

C5a e Increase of neutrophil and monocyte: vessel wall adherence,
phagocytic activity and migration to antigenic site

e Increases CR1 and CR3 expression on neutrophils and macrophages

C5a and C3a e Induce endothelial cell adhesion molecules

e Activate mast cells

C5a, C4a and C3a e Increase vascular permeability

e Increase smooth muscle contraction

1.4.4 Complement neutralisation of viruses

There are four main mechanisms by which complement can affect the viral lifecycle (Morgan, 1990).
Antibodies and complement binding to the virus surface can cause virus particles to aggregate,
therefore lowering the number of infective particles available (Johnson et al., 2008). The binding of
antibody and complement can also mask the antigens on the virus surface, mostly through the
deposition of C3b, therefore preventing viral adhesion to host cells (Beebe et al., 1983). This is thought
to be the major mechanism of neutralisation, but needs activation of the classical pathway to work
effectively (Morgan, 1990, Ross, 1986). This coating of the viral particle also allows effective interaction
with Fc and complement receptors on phagocytic cells, leading to destruction of the virus (Van Strijp
et al., 1989). Finally, as mentioned in section 1.4.1, the formation of the MAC could lead to viral lysis.
However, it is worth noting that for lysis to occur in vitro, large amounts of antibody/complement are
required, likely making it unlikely to be the most effective method of the four detailed here (Morgan,

1990, Ross, 1986).

13



1.5 Platelets

Platelets are anucleate cell fragments of 1-3 um in size, derived from megakaryocytes. They are
present in humans at 150-400 x 10°/L and have a lifespan of just 7-10 days. Platelets contain three
types of granules, which are released upon platelet activation: alpha granules, dense granules, and
lysosomal granules. Alpha granules are the largest and most abundant of the three, with 50-60 per
platelet (Ali et al., 2015). They contain a multitude of proteins that aid platelet adhesion and stable
clot formation, as well as promoting inflammation and wound repair. These include fibrinogen, von
Willebrand factor (VWF), platelet factor 4 (PF4), growth factors and microbicidal proteins (Ali et al.,
2015). Dense granules contain small molecules that act as positive feedback signals, recruiting further
platelets (Heijnen and van der Sluijs, 2015). These include ADP, ATP, GTP, serotonin, polyphosphate,
Ca?* and histamine (Chen et al., 2018). The third type of granule, lysosomes, contain proteases and

glycosidases, thought to be involved in thrombus remodelling (Meng et al., 2015).

1.5.1 The role of platelets in haemostasis

Classically, the main role of the platelet is haemostasis — the stopping of bleeding caused by damage
to a vessel via clot formation. At the site of vascular injury, platelets adhere to the exposed collagen,
leading to activation, granule release and formation of aggregates, allowing the formation of the
platelet plug. Key platelet receptors involved in this process include GPVI, which binds collagen
allowing platelet adhesion to the vessel wall, PAR-1 and P2Y1/P2Y1> which bind thrombin and ADP
respectively leading to platelet activation, and allbB3, which causes platelet aggregation upon binding

to its multiple ligands including fibrinogen and VWF (Scridon, 2022).

1.5.2 The role of platelets in arterial and venous thrombosis

Whilst haemostasis is essential to allow for wound recovery, dysregulation in this process can cause
thrombosis. Thrombosis is the pathological formation of a clot which limits the flow of blood through

the vessel, and Virchow’s triad describes three factors contributing to thrombus formation: vascular
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injury, blood stasis and hypercoagulability (Kushner et al., 2022). Thrombi contain various components,
including platelets, fibrin and red blood cells, and the proportion of these components typically varies

depending on whether the thrombus is arterial or venous.

Arterial thrombi are generally thought of as ‘white’ platelet rich thrombi, with small amounts of fibrin
and red blood cells. They usually develop due to the rupture of an atherosclerotic plaque in areas of
high shear stress. In contrast, venous thrombi are typically ‘red’, with high red blood cell and fibrin
content, and lower amounts of platelets, and occur in vessels with low shear stress (Scridon, 2022).
Therefore, arterial thrombi tend to be treated with antiplatelet agents, and venous thrombi with
anticoagulation agents. However, the ‘arterial = white’ and ‘venous = red’ dogma is starting to be
challenged. A study of clots removed from the arteries of 177 patients with ischemic stroke showed a
continuous variation in the composition of platelet and red blood cell rich regions, with some clots
highly platelet rich, some highly red blood cell rich, and the majority with a combination of the two
(Staessens et al., 2020). In addition, the location of clot formation can influence the composition of the
clot. In contrast to the mixture of platelet and red blood cell rich areas seen in arterial ischaemic stroke,

clotsin the arteries of patients with myocardial infarction tend to be rich in fibrin (Alkarithi et al., 2021).

1.5.3 The role of platelets in immunity

As well as their role in haemostasis and thrombosis, platelets also play an important role in immunity.
Platelet alpha granules contain kinocidins (classical chemokines with direct microbial activity (Yeaman,
2010)), thrombocidins and defensins, all of which are microbicidal proteins (Ali et al., 2015). These
have been shown to kill or inhibit growth of pathogens such as Escherichia coli, Staphylococcus aureus,
Candida albicans and Cryptococcus neoformans (Tang et al., 2002, Yeaman et al., 2007). Furthermore,
PF4 is able to kill S. Typhimurium (Yeaman et al., 2007). Interestingly, platelets (and/or their
secretome) are reported to be able to kill S. aureus, but not Streptococcus. pneumoniae (Wolff et al.,

2020).
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The receptors on the platelet surface also contribute to the role of platelets as immune cells. FcyRIIA
can recognise immune complexes, and the complement receptors gClg and CR3 (reported to be
upregulated on activated platelets) can recognise Cl1q and C3a/C5a respectively (Martel et al., 2011,
Peerschke et al., 2003, Burkhart et al.,, 2012). FcyRIIA is further discussed in section 1.5.7, and

complement-platelet interactions in section 1.5.6.

The toll-like receptors (TLRs) are another key family in the platelet’s role as an immune cell. They are
able to recognise a wide variety of pathogen associated molecular patterns, for example, TLR-2 in
complex with TLR-6 can recognise porins and lipotechoic acid amongst others, flagellin is a TLR-5

ligand, and LPS a TLR-4 ligand (Sameer and Nissar, 2021).

Platelets can also exert effects on other immune cells. The addition of platelets to plasma and
neutrophils was shown to increase the effectiveness of neutrophil phagocytosis of
periodontopathogens Aggregatibacter actinomycetemcomitans and Porphyromonas gingivalis, with
the bacteria able to induce platelet-leukocyte aggregates in whole blood via TLR2. Interestingly, the
combination of complement opsonisation of the bacteria and platelets led to the most effective

neutrophil phagocytosis of the bacteria (compared to these components alone) (Assinger et al., 2011).

As well as exerting effects on neutrophils, activated platelets can also modulate the function of
monocytes and CD4+ T cells. The addition of activated platelets to PMBC cultures stimulated with
tetanus toxin or P. gingivalis led to the promotion of an anti-inflammatory phenotype, with a reduction
in TNF-a production and an increase in IL-10 production, which was linked to platelet CD40L
production. Furthermore, this inhibition of TNF-a was suggested to be responsible for the reduction in
CD4+ T cell proliferation induced by the two pathogens when activated platelets were present

(Gudbrandsdottir et al., 2013).

Platelets can also act as ‘transporters’ of bacteria, with Listeria monocytogenes binding to platelets

which delivered the bacteria to a particular subset of highly immunogenic dendritic cells (Verschoor et
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al., 2011). The initial adherence of bacteria to platelets was shown to be mediated by C3, and also
occurred in S. aureus, Enterococcus fecalis, Bacillus subtilis, and nonencapsulated S. pneumoniae, but

not in encapsulated S. pneumoniae (Verschoor et al., 2011).

As well as their interactions with other immune cells, platelets are also capable of internalizing
bacteria. S. aureus and P. gingivalis can be taken up by platelets into vacuoles (Li et al., 2008), and IgG
complexes can be internalised (Antczak et al., 2011). This internalisation of IgG complexes was shown
to occur via FcyRIIA in transgenic mouse platelets (Worth et al., 2006). However, it is unknown whether
this is helpful to the host or not. There is ongoing debate as to whether this internalisation kills the
platelets, or simply protects them from being killed by other immune cells (White, 2006, Jahn et al.,

2022).

As shown, platelets can directly influence immunity themselves, by the release of antimicrobial
peptides and other cytokines they produce, as well as interacting with other immune cells and
modulating their responses. When it comes to bacterial infections, there are multiple ways platelets
can interact with bacteria. Platelet-bacterial interactions can lead to thrombus formation, and whether

this is of help or hinderance to the host is discussed below.

1.5.4 Mechanisms of platelet activation by bacteria

Bacteria can activate platelets in three ways: directly, indirectly, or via toxins (Kerrigan, 2015).
Examples of direct interactions include that of the Streptococcus sanguinis SrpA protein and platelet
GPlba; Staphylococcus epidermis SdrG protein and allbPB3; and S. aureus SpA and gC1g-R (Kerrigan,
2015). Indirect action takes place via a bridging protein, such as IgG, fibrinogen or VWF, for example S.
aureus CIfA binds IgG which binds platelet FcyRIIA. Finally, bacterial toxins can interact with platelets
— E. coliverotoxin can bind to glycosphingolipids (Kerrigan, 2015). In this manner, bacteria can interact
with platelets and potentially lead to activation and aggregation. Unlike responses to traditional

platelet agonists, bacterial-induced platelet aggregations have a variable lag time, and give all-or-
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nothing responses (Cox et al., 2011). There are two possible consequences from platelet aggregation
in response to bacteria: a helpful limit to bacterial dissemination by trapping the pathogen in the

thrombus, or an unhelpful thrombotic response that leads to host damage.

1.5.5 Immunothrombosis and thromboinflammation

Immunothrombosis is the concept first put forward by Engelmann and Massberg in 2013. The goal of
this innate immune response is to protect the host by recognising the pathogen and inhibiting its
dissemination by trapping it in a blood clot. This response forms both a protective barrier around the
bacteria, minimising its movement, and allows a focal point for the gathering of the immune cells
needed to destroy the pathogen (Palankar and Greinacher, 2019). This includes the recruitment of
neutrophils and the formation of neutrophil extracellular traps (NETs), which are particularly effective

at killing bacteria (Brinkmann et al., 2004).

The dysregulation of this immunothrombosis process, or unregulated thrombus formation due to
vessel injury or other inflammatory triggers, can lead to pathological thrombus formation. This
damaging response is termed thromboinflammation (Guo and Rondina, 2019), an example of which is
DIC, the uncontrolled thrombotic response seen in approximately 35% of patients with severe sepsis
(Okamoto et al., 2016, Levi and van der Poll, 2015, Levi and Ten Cate, 1999). The uncontrolled
thrombosis can reduce and block blood flow, leading to organ damage. Paradoxically, this clotting
consumes platelets and clotting factors in places where they are not needed, leaving patients prone

to bleeding.

In the context of Salmonella Typhimurium infection, there is a paucity of data on the thrombotic
responses in humans. Many case reports have been published describing thrombotic events
concurrent with Salmonella infections of various serovars (Carey et al., 2001, Saini et al., 2021, Lin et
al., 2022, Garcia-Fernandez-Bravo et al., 2019, Taneda et al., 2019, Strutynskaya et al., 2020, Ghosh

and Samanta, 1994, Suppamutharwyam and Radhakrishnan, 2022, Prakash et al., 2016), but there is a
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lack of larger scale studies assessing the frequency of these events. Salmonella Typhimurium has
however been well studied in mice. Whilst thrombi kinetics were different between the liver and the
spleen, thrombi in both organs contained minimal numbers of bacteria (Beristain-Covarrubias et al.,

2019a), suggesting more of a thromboinflammatory response than an immunothrombotic response.

1.5.6 Interactions between platelets and complement

With platelets and complement both present in the blood, and both involved in the immune response,

the question arises as to whether there is interaction between the two.

Platelets express multiple complement receptors, which are upregulated upon platelet activation: Clqg
receptors cC1gR (binds the collagen-like portion of C1q) and gC1gR/p33 (binds the globular C1g head
domain); C3aR, and C5aR1 (Speth et al., 2015, Martel et al., 2011). They also express complement
regulatory proteins on their surface, including Factor H, C4 binding protein, and Cl-inhibitor. Factor D,
Factor H, Cl-inhibitor and C3 are amongst those shown to be contained in alpha granules (Devine and
Rosse, 1987, Speth et al., 2015, Maynard et al., 2007). Activated platelets can bind complement
components — C5b-9 is not detected on resting platelets in platelet rich plasma, but is found on the

surface of platelets after stimulation with traditional agonists (Martel et al., 2011).

Complement is able to induce platelet activation in multiple ways. C1q has been shown to upregulate
P-selectin (Skoglund et al., 2010, Peerschke and Ghebrehiwet, 1997), and also to enhance platelet
aggregation in response to immune complexes (Peerschke and Ghebrehiwet, 1997). The majority of
work looking at C1q and platelets was carried out in the 1990s by Peerschke and Ghebrehiwet, with
few recent developments aside from the Skoglund study. With some aspects of Peerschke’s work
unable to be replicated (S. P. Watson 2023, personal communication, 14 November), further work
needs to be carried out to assess the role of C1q in platelet activation. Aside from Clq, C3a is able to

induce platelet aggregation (Polley and Nachman, 1983). C5b-9 formation, which occurs upon platelet
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aggregation to common agonists (Martel et al., 2011), can trigger the release of alpha granules (Sims

and Wiedmer, 1995).

On the flip side, platelets can also activate the complement system. Examples of this include C3b and
properdin binding to P-selectin on platelets, triggering activation of the alternative pathway (Del Conde
et al., 2005, Saggu et al., 2013), and the release of chondroitin sulfate from activated platelets leading

to complement activation via C1q (Hamad et al., 2008).

The interplay between complement and platelets/thrombus formation is elegantly demonstrated in
multiple mouse studies. Mice deficient in C3 have abnormal platelet responses, with prolonged
bleeding times, decreased platelet aggregation and decreased thrombus stability (Gushiken et al.,
2009). In a model of venous thrombus formation, mice lacking either C3 or C5 had impaired venous
thrombus formation (Subramaniam et al.,, 2017). This effect is seen even more strongly in the
Salmonella Typhimurium mouse model, where the thrombi seen in the spleen and liver are completely
absent in mice lacking C3 or C5 (Persaud and Cunningham, 2022, personal communication, 3 February),

suggesting an important role in thrombus formation for the complement system.

Finally, complement has also been shown to be involved in platelet aggregation responses to bacteria,
with the removal of complement from the system abolishing aggregation responses to S. sanguinis
(Ford et al., 1996). Platelet gC1gR/p33 has also been shown to bind to a variety of different pathogens
including S aureus protein A (Nguyen et al., 2000), Listeria monocytogenes internalin B (Peerschke et

al., 2003), and viral proteins from HIV, Epstein-Barr and herpes simplex (Peerschke et al., 2003).

1.5.7 FcyRIIA receptor

The platelet FcyRIIA receptor is a single chain receptor consisting of two extracellular immunoglobulin-
like domains, a transmembrane domain and an immunoreceptor tyrosine-based activation motif
(ITAM) on the cytoplasmic tail (Qiao et al., 2015). The receptor has a low affinity for IgG but binds with

high avidity to multiple IgGs when part of an immune complex. It is the only Fc receptor present on
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human platelets, and is not found on mouse platelets, meaning they do not have the capacity to bind
IgG complexes (Worth et al., 2006). The FcyRIIA copy number differs between donors, with estimates

ranging from 400-4500 copies (Tomiyama et al., 1992, Karas et al., 1982, Burkhart et al., 2012).

FcyRIIA can be activated in multiple ways, all of which involve cross-linking of the receptor, for example
IgG-opsonised pathogens, cross-linked 1V.3 mAb, or immune complexes such as antibodies bound to
heparin/PF4 as seen in heparin induced thrombocytopenia (HIT) (Arman and Krauel, 2015). Signalling
via FcyRIIA can lead to many different effector functions, including platelet aggregation, pathogen

killing and microvesicle release (Arman and Krauel, 2015).

1.5.8 The link between heparin-induced thrombocytopenia, PF4 and bacteria

PF4 is a positively charged chemokine, primarily stored in platelet alpha granules. As mentioned above,
FcyRIIA can be activated by immune complexes including antibodies bound to heparin-PF4 complexes,
the cause of HIT. HIT is a serious complication arising from heparin treatment, whereby instead of the
intended anticoagulant effects, heparin-PF4 complexes lead to thrombosis. When the negatively
charged heparin binds to the positively charged PF4, a conformational change in the PF4 creates
neoepitopes (Kreimann et al., 2014) to which, in HIT patients, anti-PF4 antibodies bind. It is thought
that HIT is a mis-directed anti-bacterial response, originally evolved to allow the immune system to
recognise the strong negative charge of bacteria (Greinacher and Warkentin, 2023). The adaptive
immune system recognises antigens, and the interactions are purely structural/shape related. One
theory is that the use of anti-PF4 antibodies has evolved as a way for the immune system to allow
recognition of bacteria via their strong negative charge (Krauel et al., 2011). In a similar manner to HIT,
negatively charged bacteria will bind to positively charged PF4, opening up the neoepitopes to which
anti-PF4 antibodies can bind (Krauel et al., 2012). Once one response has been carried out in this
manner, this then allows the adaptive immune system to respond with anti-PF4 antibodies upon

further infections. Usually, in the case of a new pathogen, the adaptive immune system would take 1
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-2 weeks to recognise and make sufficient levels of antibody in order for an effective response to begin.
The theory behind PF4-bacterial interactions however, is that the PF4 is able to act as a short-cut to
antibody response, by effectively turning the generic strong negative charge of bacteria into a single

antigen, allowing the adaptive immune response to be activated.

] Heparin-Induced Bacterial immunity
PF4 Thrombocytopenia
PF4 with . . . po
. neoepitope . + %"' (¥ g NS D . + ’f +#
v . Heparin l l

# Bacteria

ﬁ( Antibody

N

Phagocytosis
Platelet l
"1 FCYRIla Pathogen
l clearance
Platelet Platelet

seliides activation

Figure 1.6: The similarities between heparin-induced thrombocytopenia (HIT) and bacterial immunity. In
HIT, antibodies to the PF4-heparin complex lead to platelet activation and thrombosis. This is thought to be a
mis-directed response evolved to provide a quicker adaptive immune response to bacteria via their charge
attraction to PF4, which can then be recognised by antibodies leading to pathogen clearance.
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Table 1.2: Pathogens able to induce human platelet aggregation in vitro. * = pathogens for which platelet aggregation occurred in a strain/isolate specific manner.

Interacts with these host

Pathogen factors References
Bacteria Gram
+/-

Aerococcus urinae* + IgG/ FcyRIIA, fibrinogen, Shannon et al. (2010)
complement

Cutibacterium acnes* + IgG/ FcyRIIA, fibrinogen, Petersson et al. (2018)
complement

Escherichia coli - IgG/ FcyRIIA, allbB3, Moriarty et al. (2016), Watson et al. (2016); Landsem et al. (2022)
complement

Fusobacterium - Forrester et al. (1985)

necrophorum?*

Helicobacter pylori - IgG/ FcyRIIA, GPlb Byrne et al. (2003)

Lactobacillus salivarius + IgG/ FcyRIIA, fibrinogen Collins et al. (2012)

Porphyromonas gingivalis - IgG/FcyRIIA, GPlb Naito et al. (2006)

Staphylococcus aureus + IgG/FcyRIIA,  fibronectin, Fitzgerald et al. (2006), Miajlovic et al. (2007), Kerrigan et al. (2008), Loughman et al. (2005);
fibrinogen, allbB3, Arman et al. (2014), Vanassche et al. (2012); (O'Brien et al., 2002)
complement, VWF

Staphylococcus epidermidis  + IgG/ FcyRIIA, Fibrinogen Brennan et al. (2009)

Streptococcus agalactiae + IgG/ FcyRIIA, Fibrinogen Pietrocola et al. (2005)

Streptococcus gordonii + IgG/ FcyRIIA, allbB3, GPlba  Arman et al. (2014), Keane et al. (2010a); Takamatsu et al. (2005)

Streptococcus oralis + IgG/ FcyRIIA, GPlba, Tilley et al. (2013); Arman et al (2014)

Streptococcus pneumoniae  + IgG/ FcyRIIA, TLR2 Keane et al. (2010b); Arman et al. (2014)

Streptococcus pyogenes + IgG/ FcyRIIA, Fibrinogen Shannon et al. (2007), Svensson et al. (2014)

Streptococcus salivarius + IgG/ FcyRIIA Sullam et al. (1988)

Streptococcus sanguinis + IgG/ FcyRIIA, fibrinogen, Arman et al. (2014) Pampolina and McNicol (2005), Sullam et al. (1988), Ford et al. (1997);

complement, GPlba

Ford et al. (1996); Ford et al. (1997); Kerrigan et al. (2002), Plummer et al. (2005)
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Viruses

Influenza* H1N1, H5N1 Jansen et al. (2020)

Fungi

Candida species*, excluding C. albicans Willcox et al. (1998)

Histoplasma capsulatum IgG/ FcyRIIA, fibrinogen, Des Prez et al. (1980)
ADP

Mucor circinelloides IgG/ FcyRIIA, allbB3 Ghuman et al. (2019)
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1.5.9 Invitro studies of pathogen-induced platelet aggregation

Bacteria are by far the most well characterized pathogen type in terms of their effects on platelet
aggregation, as demonstrated in Table 1.2. Whilst there are many described interactions between
viruses and platelets, both direct and indirect, (reviewed in Assinger, 2014 and Schrottmaier et al,
2022) evidence of viral-induced platelet aggregation is rare, with many viruses such as Hantavirus,
Junin virus and Lassa virus associated with inhibition of platelet aggregation (Cummins et al., 1990,
Laine et al., 2015, Cummins et al., 1989). Similarly, few studies have taken place investigating fungal

induced platelet aggregation.

Multiple different platelet receptors have been implicated in bacterial-induced platelet aggregation
responses. As summarised in Table 1.2, FcyRIIA (and/or its ligand, 1gG) is the most widely studied, with
the receptor shown to be required for aggregation to all bacterial species listed. Other plasma
components that can bridge the gap between bacteria and platelet, leading to aggregation via allbp3,
are fibrinogen and VWF, which bind S. aureus clumping factors A and B, and protein A respectively
(O'Brien et al., 2002). Some bacterial species can bind directly to platelet receptors — oral streptococcal
bacteria contain highly glycosylated serine-rich proteins which bind to GPlba inducing aggregation

(Kerrigan et al., 2002, Kerrigan et al., 2007, Tilley et al., 2013).

A role for complement has also been suggested in multiple different bacteria by multiple different
groups to varying levels of specificity. Ford et al (1996) specify the alternative complement system as
being involved in S. sanguinis platelet aggregation, whereas other studies paint a broader picture of
complement involvement via heat-inactivation of plasma/serum or the use of zymosan to consume
complement components (Loughman et al., 2005, Miajlovic et al., 2007). An important consideration
in experimental design when looking at complement involvement in platelet aggregation is the
requirement of the complement system for positive divalent ions — the classical and lectin pathways

require Ca** and Mg*, whilst the alternative pathway requires Mg?* only (Snyderman and Pike, 1975).
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This becomes a problem when using common anti-coagulants to stop platelet activation upon taking
blood. Sodium citrate is a divalent metal ion chelator, meaning it can inhibit complement activity in
PRP. Addition of the required complement ions can be added to PRP along with PPACK to inhibit
thrombin activation, however Martel et al (2011) found PPACK inhibited the alternative pathway.
Other anticoagulants are also unsuitable, with heparin inhibiting the classical pathway by potentiating
C1 inhibitor (Caughman et al., 1982), as well as impairing the alternative pathway, and hirudin
inhibiting C5b-9 formation on platelets activated by collagen (Martel et al.,, 2011). Interestingly
however, multiple papers have used PRP obtained in sodium citrate without adding back in the
required ions, and found inhibition, or increase in lag time of aggregation when heat inactivating to
remove complement activity (Ford et al.,, 1996, Petersson et al., 2018). These differences occur
compared to their controls, despite the probable lack of Ca** and Mg?*ions, perhaps suggesting there
is enough free Ca?* still in the samples to allow complement functionality. To avoid possible problems
with lack of Ca?* and Mg?* ions, Eriksson et al recommend the use of lepirudin, a recombinant hirudin,
for whole blood platelet impedance measurements, as it is a highly specific thrombin inhibitor with no

known effects on complement function (Eriksson et al., 2019).

The seminal paper describing the mechanisms behind bacterial induced platelet aggregations came
from Arman et al in 2014. The paper brings together the requirement for FcyRIIA and the link between
HIT and bacterial immune responses. They studied Gram positive bacterial strains frequently involved
in infectious endocarditis (S. sanguinis, Streptococcus gordonii, Streptococcus oralis and S. aureus) and
sepsis (S. pneumoniae). As per other bacterial strains, in PRP, all-or-nothing aggregation was observed,
with lag times varying from 120-900 seconds depending on the strain. FcyRIIA engagement was
required, with signalling being reinforced by integrin allbf3, leading to the release of alpha and dense
granules. ADP and thromboxane A, were also needed to reinforce platelet activation signals, with dual
inhibition of these blocking platelet aggregation. When trying to induce platelet activation in washed

platelets, a source of pooled human IgG was required for aggregation, and the further addition of
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fibrinogen reduced the lag time. The exception to this was S. pneumoniae, which was unable to cause
aggregation under these conditions in 3/5 of the donors tested. PF4 was able to bind to all the bacterial
strains, reducing the lag time when used in the washed platelet/IgG/fibrinogen system. Taking into
account the likely mechanism of this as anti-PF4 antibodies opsonising the bacteria as described above
in section 1.5.8, it could be argued that this is an unusual finding — estimates of anti-PF4 antibodies in
the population are approximately 6 % for IgG (Hursting et al., 2010, Krauel et al., 2011) and 19% for
IgM (Krauel et al., 2011), so the ability for PF4 to reduce lag time in the donors tested perhaps suggests
an alternative mechanism of action as it’s unlikely all the donors used had anti-PF4 antibodies present.
Arman et al theorise that IgG-coated bacteria binding to FcyRIIA is likely to be the central pathway
involved in all bacterial-induced platelet aggregation, leading to allbp3 signalling either by inside-out
signalling, or by the direct binding of other bacterial proteins. This combined signalling leads to granule
release, where ADP, thromboxane A, and PF4 are released, which then amplify the signal further via

positive feedback mechanisms.
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1.6 Thevasculature

1.6.1 Endothelial cells

Endothelial cells (ECs) line all blood vessels, with an estimated 6 x 10! ECs in the average human body
(Sender et al., 2016). They are attached to the basal lamina, which is synthesised and secreted by the
ECs, and comprises mainly of collagen, laminin, entactin and heparan sulfate proteoglycans
(Simionescu and Antohe, 2006). EC characteristics differ between the arterial and venous systems,
with arterial ECs tending to be more elongated and narrower than venous ECs (Simionescu and Antohe,
2006), and ECs present in the aorta are up to 10 x thicker than those found in capillaries and veins
(Kruger-Genge et al., 2019). Most adhesion molecules are preferentially expressed on venous ECs over
arterial ECs, meaning leukocyte-EC interactions tend to only be found in the venous system
(Simionescu and Antohe, 2006). Furthermore, the organ in which the ECs are found has an influence
on the EC phenotype, with Weibel-Palade bodies (where VWF is stored) abundant in the pulmonary

vasculature, but lacking in the thoracic aorta (Kruger-Genge et al., 2019).

1.6.2 Endothelial cell functions

ECs do not simply provide a tube for blood to flow through, they have many functions and are able to
dynamically influence the vascular environment (Michiels, 2003). They play a vital role in vascular
homeostasis, with the release of prostacyclin and nitric oxide by healthy ECs important in limiting
platelet aggregation for example. They are able to control blood flow via vasoconstriction and
vasodilation, which are induced by the production of factors such as nitric oxide, adenosine, and
metabolites of arachidonic acid such as prostaglandins (Feletou, 2011). However, whilst healthy ECs
have an antithrombotic, anti-inflammatory phenotype, this can change upon infection or injury. The
pro-thrombotic EC phenotype allows interactions with platelets, causing them to roll, adhere and form
stable thrombi (reviewed in Coenen et al. 2017) . Upon activation, ECs release VWF, which interacts

with platelet GP1b, causing platelet rolling along the EC surface. Rolling can also be facilitated by
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interactions between platelet P-selectin and EC P-selectin glycoprotein ligand-1 (PSGL-1). Platelets
then adhere to ECs via interactions between platelet allbB3 and EC aVB3 and ICAM-1, whose
expression is upregulated in activated ECs (Feletou, 2011). Activation of surrounding platelets is
stimulated by thrombin, ADP and thromboxane, leading to stable thrombus formation. Upregulation
of other adhesion molecules on activated ECs such as E-selectin, VACM-1 and P-selectin allow not only
platelet interactions, but white blood cell adherence, leading to their transmigration to infected tissues

for example.

1.6.3 Endothelial cell junctions

ECs form a selective barrier for the transport of molecules, proteins and cells between blood and
tissues. In order to form this barrier and maintain the required levels of permeability that vary between
vascular beds, there are three different types of cell-cell junctions: tight junctions, adherens junctions
and gap junctions. These junctions do not just function as sites of contact between adjacent ECs, but
play a role in signalling to regulate vascular homeostasis and vessel growth (Dejana, 2004). Tight
junctions provide a barrier, restricting permeability of the vessel and maintaining cell polarity. They
tend to be well developed and organised in arteries, but less so in veins (Bazzoni and Dejana, 2004).
Claudins, occludins, junctional adhesion molecules and zona occludens proteins make up the main
adhesive proteins found in tight junctions. Adherens junctions provide paracellular permeability to
leukocytes and solutes, and play a role in signalling to regulate vessel growth. The main adhesive
protein in adherens junctions is vascular endothelial cadherin (VE-cadherin). Gap junctions function as
communication structures where small molecular weight solutes can pass through to neighbouring
ECs, and are formed by connexins. VE-cadherin and claudin-5 (adherens and tight junctions
respectively) work together to control the overall tightness of the EC barrier (Razakandrainibe et al.,

2013).
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The variation in expression of these junctions, and how they are organised varies between the type of
blood vessel and how much permeability the organ served by the blood vessel requires. For example,
the endothelium of large arteries has a larger proportion of tight junctions to allow high levels of
control over permeability, whereas junctions in postcapillary venules are lax in their organisation to

allow high levels of trafficking (Bazzoni and Dejana, 2004).

1.7 Aims of thesis

Whilst it is clear that iNTS causes significant morbidity and mortality in sub-Saharan Africa (Stanaway
et al., 2019), and is able to induce a well-defined thrombotic response in mice (Hitchcock et al., 2015),
research into how Salmonella interacts with components of the bloodstream in humans is very limited.
Whilst mechanisms of bacterial-induced platelet aggregation have been described for pathogens such
as multiple Streptococci strains, E. coliand S. aureus as described in section 1.5.9, no research has been
done into the effects of Salmonella Typhimurium strains on platelets. The overall aim of this thesis was

to investigate host-pathogen interactions taking place in the bloodstream, specifically:

A) To investigate the mechanisms of platelet activation by Salmonella Typhimurium strains

B) To investigate how Salmonella Typhimurium strains interact with platelets and endothelial cells

under static and flow conditions

Furthermore, as the work for this thesis started during the COVID-19 pandemic, the host-pathogen
interactions of SARS-CoV-2 were also investigated, with a focus on the classical complement system to

fill in the knowledge gaps at that time, specifically:

C) To establish whether SARS-CoV-2 can activate the complement system and investigate the role of

antibodies from different patient groups in complement activation.
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CHAPTER 2:

2.1 Materials

Table 2.1: Reagents used

MATERIALS AND METHODS

Product name Company Catalogue number
Agar VWR 84609.0500
Anti-Salmonella 1gG antibody (STmlgG)  Abcam ab35156
Brain Heart Infusion Sigma 53286

VWR 84626.0500
BSA (Bovine serum albumin) Sigma-Aldrich A4697
Calcium chloride Sigma-Aldrich 21115
Endothelial cell growth medium MV Promo Cell C-22020, supplementary

mix C-39225
Endothelial cells (Human aortic Promo Cell C-12271
endothelial cells - HAOECs)
Fibrinogen Millipore 341576
Lot number: 2893826

Fluoroshield™ mount with DAPI Sigma-Aldrich F6057
Human pooled IgG (hlgG) Sigma-Aldrich 14506
LB agar Sigma-Aldrich L2897
LB broth Sigma-Aldrich L3022
Magnesium chloride Sigma-Aldrich M1028
NIR-AZA RCSI chemistry department NA
PBS (phosphate buffered saline) tablets  Thermo Fisher Scientific 18912014
Para-nitrophenyl phosphate (pNPP) Thermo Fisher Scientific 34045
PF4 ELISA kit ImmuCor HAT45G
Pierce BCA protein assay kit Thermo Fisher Scientific 23225

Platelet factor 4

Pooled human plasma (PPP, chapter 4)
Sodium citrate

TMB Core

TNF-alpha

Triton X-100

Trypsin-EDTA

Tween-20/polysorbate 20

Chromatec GmbH
Innovative Research
Sigma-Aldrich
Bio-Rad

Gibco

Sigma-Aldrich
Sigma-Aldrich

Acros organics

IPLALIH-50mI 30837
S-4641

BUF056B

PHC3016

X100

T3924-500ml
23362500
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Table 2.2: Agonists, antagonists and inhibitors

Agonists, antagonists and Use

inhibitors

Source

Apyrase (Grade VII)

ATP/ADP hydrolysis for ADP sensitive

Sigma-Aldrich A6535

platelets

Cangrelor P2Y1; antagonist The Medicines Company

Collagen related activating GPVI agonist CambCol Ltd

peptide (CRP)

Compstatin C3 inhibitor MedChemExpress HY-
P10361CS-7604

Eptifibitide allbB3 inhibitor GSK

Fab IV.3 FcyRIIA inhibitor Ying Di, University of
Birmingham

FUT-175 Broad spectrum complement inhibitor Apexbio A2586

Heparin sodium
Indomethacin

MRS 2179

TRAP-6 peptide (SFLLRN)
PPACK

Prostacyclin

Negatively charged polysaccharide
Cyclooxygenase inhibitor

P2Y1 receptor antagonist

PAR-1 receptor agonist

Thrombin inhibitor

Platelet inhibitor

Wockhardt UK Ltd
Sigma, 17378
Sigma
AltaBioscience

Cambridge biosciences,

FPRCK-01
Cayman Chemicals 18220

Table 2.3: Composition of buffers used

Buffer

Components

Acid citrate dextrose (ACD)

Krebs Ringer Glucose (KRG)

Lysis buffer

120 mM sodium citrate

110 mM glucose

80 mM citrate dextrose

In distilled water, final pH ~4.4

120 mM NaCl

4.9 mM KCl

1.2 mM MgSO,

1.7 mM KH;POy,,

8.3 mM Na;HPO,

10 mM glucose

In distilled water, final pH 7.4

0.1 M NaOAc
0.1% Triton X-100
In distilled water, final pH 5.5
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Modified Tyrode’s

134 mM NaCl

2.9 mM KClI

0.34 mM NayHP0O4.12H,0

12 mM NaHCO3;

20 mM HEPES

1 mM MgCl;

5 mM glucose

In distilled water, final pH 7.4

2.2 Preparation of bacteria

2.2.1 Salmonella strains

10 ml Luria-Bertani (LB) broth was inoculated with one colony of the relevant bacteria and incubated

statically at 37°C overnight. The following morning, to obtain log phase bacteria, cultures were diluted

1:5 or 1:10 in pre-warmed LB broth to a total volume of 10 ml and incubated for 2 hours at 37°C, 200

rpm (25 mm throw). ODgoo Was measured and bacteria were spun at 10,000 g for 5 minutes. Pellets

were resuspended in phosphate buffered saline (PBS), then centrifuged and resuspended a further

two times to wash bacteria. At the final resuspension, pellets were resuspended in PBS to give a final

ODgoo of 1, relating to the approximate colony forming unit (CFU)/ml shown in Table 2.4. Salmonella

enterica serovar Typhimurium is shortened to STm from hereon in.

Table 2.4: Salmonella strains used in this thesis.

Strains Characteristics ~ CFU/ml in 1
ODeoo
STm SL3261 aroA” Attenuated STm strain, deficient in aroA gene 5 x 10%
(rendering strain auxotrophic for aromatic amino
acids). Parent strain: SL1346; Grandparent strain:
SL1344. (Hoiseth and Stocker, 1981) Source: Dr
Robert A Kingsley
STm SL1344 Virulent aroA+ STm strain. Parent strain: S2337, 1x10°
isolated from calves. (Hoiseth and Stocker, 1981)
Source: Dr Robert A Kingsley
STm SL1344 mCherry Above strain labelled with mCherry 1x10°
Source: Dr Robert A Kingsley
STm D23580 Virulent invasive multi-drug resistant STm ST313 1x 10°

pathovar, isolated from a child in Malawi (Kingsley
et al., 2009) Source: Dr Robert A Kingsley

33



SW515 STm SL1344 OmpA™  As SL1344 above, with deletion of OmpA gene. 1x10°
Source: Dr Robert A Kingsley

RAKS82 STm SL1344 OmpR™  As SL1344 above, with deletion of OmpR gene. 1x10°
(Gil-Cruz et al., 2009) Source: Dr Robert A Kingsley

STm 14028 OmpD- As 14028 below, with deletion of OmpD gene. 1x10°
Source: Dr Anna Schager, University of
Birmingham

Salmonella enterica serovar  Virulent strain of S. Enteritidis isolated from achild 1 x 10°
Enteritidis D24954 in Malawi. (MacLennan et al., 2010). Source: Prof
Calman MacLennan

STm 14028 Descendant of CDC 60-6516, isolated from 2x10°
chickens. (Jarvik et al., 2010) Source: Thermo
Fisher

STm 14028 wzy wzy gene deletion leading to a single O-antigenon 2 x 10°
LPS. Source: Areej Alshayea, University of
Birmingham

STm 14028 wbap’ wbap gene deletion, causing no O-antigen on LPS. 1 x 10°

Source: Areej Alshayea, University of Birmingham.

STm 14028 tolR Deletion of tolR gene leading to vesicle 1x10°
hyperblebbing from outer membrane. Source:
Prof lan Henderson

STm 14028 tolR wzy As tolR mutant above with additional deletion of 1 x 10°
wzy gene, leading to a single O-antigen on LPS.
with Source: Areej Alshayea, University of
Birmingham

STm 14028 tolR” wbap” As tolR mutant above with additional deletion of 5 x 10%
wbap gene, causing no O-antigen on LPS. Source:
Areej Alshayea, University of Birmingham

2.2.2 Other bacterial strains

Staphylococcus aureus Newman and Streptococcus oralis CR834 were both grown in brain heart
infusion (BHI) media to stationary phase. 10ml BHI broth was inoculated with one colony and
incubated statically at 37°C overnight. The following morning cultures were washed as per Salmonella
above, and normalised to either ODgoo = 1.6 or ODgoo = 1.0, relating to the approximate CFU/ml shown

in Table 2.5.
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Table 2.5: Other bacterial strains used in this thesis.

Strains Characteristics ~ CFU/ml in 1.6 ODego
Staphylococcus Human clinical isolate (Duthie and Lorenz, 1x10°
aureus Newman 1952), reference strain for S. aureus (ODgoo = 1.0 approx 1 x 108)

Source: Professor Timothy Foster, Trinity
College Dublin, Ireland, via Professor Steve
Kerrigan, RCSI, Dublin, Ireland.

Streptococcus Isolated from the human mouth 4 x10°
oralis CR834 Source: Professor lan Douglas, University of
Sheffield, UK, via Professor Steve Kerrigan,
RCSI, Dublin, Ireland.

2.3 Preparation of human platelets

2.3.1 Blood collection and ethics — for platelet project

Ethics for the collection of blood from healthy donors was granted by the University of Birmingham

Internal Ethical Review (ERN_11-0175).

Venous blood was collected from consenting donors (who had not taken aspirin or non-steroidal anti-
inflammatory drugs (NSAIDs) in the previous 10 days) into 3.2% or 3.8% sodium citrate vacuette blood

containers (Greiner Bio-One) tubes using a 21 gauge needle.

2.3.2 Preparation of platelet rich plasma and platelet poor plasma

Blood anti-coagulated in 3.2% citrate was centrifuged at 200 g for 20 minutes at room temperature
(RT). The supernatant of platelet rich plasma (PRP) was removed before centrifugation of the
remaining buffy coat layer and red cells at 1000 g for 10 minutes at RT. This yielded a supernatant of
platelet poor plasma (PPP) for use as a blank in aggregometry. Platelet counts were measured in PRP

using either a Coulter Counter or XP-300 (Sysmex).
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2.3.3 Preparation of washed platelets

Blood was taken into tubes containing 1:9 3.8% citrate. A further 10% acid citrate dextrose (ACD) was
added for anticoagulation, before centrifugation at 200 g for 20 minutes at RT. PRP supernatant was
removed and 0.2 pg/ml prostacyclin was added before centrifugation at 1000 g for 10 minutes.
Supernatant was discarded and pellet resuspended in modified Tyrode’s plus 0.2 pug/ml prostacyclin
and 3 ml ACD. This mixture was centrifuged for 10 minutes at 1000 g. Supernatant was discarded and
platelet pellet resuspended to a concentration of 2 x 108 platelets/ml. Washed platelets were rested

for 30 minutes prior to experiments.

2.3.4 Preparation of ADP sensitive platelets

22% ACD was added to blood taken in 3.2% citrate blood tubes before centrifugation at 200 g for 20
minutes at RT. Supernatant PRP was transferred into fresh tubes, where a further 10% ACD was added,
before centrifugation at 500 g for 15 minutes at RT. PPP was removed, and platelet pellet surface was
washed gently 3 times with Krebs-Ringer Glucose buffer (KRG) plus 0.01 U/ml grade 7 apyrase. For
washed platelet assays, pellets were resuspended in KRG buffer with 0.01 U/ml grade 7 apyrase,
counted and adjusted to 2 x 108 platelets/ml, before addition of 1mM Ca?*(calcium chloride). For donor
swap assays, pellets were resuspended in PPP (obtained from separate 3.2% blood tubes to be ACD-
free, spun at 1000 g for 10 minutes) with 0.01 U/ml grade 7 apyrase, counted, and adjusted to 2-3 x

108 platelets/ml.

2.3.5 Antibody depletion of PPP

PPP was obtained as per section 2.3.2, aliquoted and frozen at -20 °C for up to two weeks. STm SL1344
bacteria was grown overnight as detailed in section 2.2.1. The pellet from 3 ml of culture (normalised
to ODsoo = 1) was resuspended in 3 ml thawed PPP and rotated gently at 4°C for 2 hours. This was then
centrifuged for 5 minutes at 10,000 g to pellet bacteria, with the resulting STm SL1344-specific

antibody-depleted PPP (dPPP) supernatant obtained and stored overnight at 4°C before use the
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following day in aggregation experiments. ADP sensitive platelet method (section 2.3.4) was used to

wash platelets, which were then resuspended in either thawed PPP or dPPP.

2.4 Platelet aggregometry

Platelet aggregation experiments were carried out on a PAP-8 aggregometer (Bio-data Corp). Total
volume per aggregation was 300 pl. Cuvettes with PRP or washed platelets were pre-warmed at 37°C
for 2 minutes and stirred at 1200 rpm for 1 minute before addition of agonist. 1200 rpm stirring and
37°C incubation was maintained throughout. Traces were recorded for at least 30 minutes. Donor
specific PPP, or Tyrode’s buffer was used as blank measurement for PRP and washed platelet assays
respectively. For inhibition studies, platelets were incubated with inhibitor for at least 3 minutes prior
to start of recording. For complement inhibition assays, PRP was incubated with 40 uM PPACK for 5

minutes before addition of 1-2 mM calcium chloride and magnesium chloride.

2.5 Flow cytometry (for FcyRIIA)

3 ul of either FITC conjugated mouse anti-human CD32 (BD pharmingen), FITC mouse IgG2b k isotype
control (BD pharmingen) or PBS was added to 100 ul PRP. Samples were incubated in the dark for 30
minutes, before further dilution with 250 pl PBS. Samples were analysed using either a C6 Accuri (BD

Biosciences) or a cytoFLEX (Beckman Coulter) flow cytometer.

2.6 Antibody ELISAs

2.6.1 COVID-19 antibody ELISA

SARS-CoV-2 HexaPro spike protein (stabilised version of the Wuhan strain) was a kind donation from
Prof Max Crispin, made by Maddy Newby as described in Lamerton et al, 2022 (see chapter 5).
Nucleoprotein was made by the University of Birmingham Protein Expression Facility. 96 well high-
binding plates (Corning) were coated with 0.1 pg S or N protein (total 50 ul per well) in PBS and

incubated overnight at 4°C. Plates were washed with PBS-0.1 % (v/v) Tween 20, 3 times. These washes
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were carried out between all subsequent steps. Plates were blocked with 2% (w/v) bovine serum
albumin (BSA) in PBS-0.1% Tween 20 for 1 hour at RT. Serum was diluted 1 in 40 in 2% (w/v) BSA in
PBS-0.1% Tween 20 and incubated for 1 hour at RT. For combined IgG, IgA and IgM measurements,
100 pl pre-diluted IgGAM HRP-conjugated antibody from The Binding Site (EACONJ654) was used, and
incubated at RT for 1 hour. For individual 1gG isotypes the following HRP-conjugated monoclonal

antibodies were used:

Table 2.6: Details of antibodies used for COVID antibody ELISAs

Antibody target | Clone Dilution Source

IgG total R-10 1:8000 Dr Margaret Goodall, University of Birmingham
IgG total 2040-05 1:8000 Southern Biotech

IgG1 MG6.41 1:3000 Dr Margaret Goodall, University of Birmingham
1gG2 MG180.02 1:3000 Dr Margaret Goodall, University of Birmingham
IgG3 MG5.161 1:1000 Dr Margaret Goodall, University of Birmingham
eG4 RJ4 1:1000 Dr Margaret Goodall, University of Birmingham
IgA MG156 1:4000 Dr Margaret Goodall, University of Birmingham
IgM AF6 1:2000 Dr Margaret Goodall, University of Birmingham

Plates were developed for up to 20 minutes using 100 pl TMB Core (Bio-Rad) and the reaction stopped

with 50 pl 0.2 H,SO,. Optical density (OD) at 450nm was read using a SpectraMax ABS Plus plate reader.

2.6.2 Salmonella antibody ELISA

Salmonella was grown as detailed in section 2.2.1, and protein levels/concentration quantified using a
Pierce™ BCA protein assay kit (Thermo Fisher) as per manufacturer’s instructions. Nunc maxisorp 96
well plates (Thermo Fisher Scientific) were coated with 1 pg of the appropriate Salmonella strain in
PBS and incubated overnight at 4°C. Plates were washed with PBS three times. Plates were blocked
with 2% (w/v) BSA in PBS-0.1% Tween 20 for 1 hour at RT. Plates were washed three times with PBS-
0.1% Tween 20. This wash step was carried out between all consequent steps. Serum was initially
diluted 1in 20 in 2% (w/v) BSA in PBS-0.1% Tween 20, before serially diluting down 1in 2 or 1in 3, and

incubated for 1 hour at RT. 100 pl of antibody was incubated at RT for 1 hour, antibodies used are
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detailed in Table 2.7. Plates were developed for up to 10 minutes using 100 pul TMB-Core (Bio-Rad) and
the reaction was stopped with 50 pl 0.2M H,SO.. ODaso was read using a SpectraMax ABS Plus plate

reader.

Table 2.7: Details of antibodies used for Salmonella antibody ELISAs

Antibody target Clone Dilution Supplier

IgG total 2040-05 1:8000 Southern Biotech
lgG1-Fc HP6001 1:4000 Southern Biotech
lgG2-Fc 31-7-4 1:4000 Southern Biotech
IgG3-hinge HP6050 1:4000 Southern Biotech
lgG4-Fc HP6025 1:4000 Southern Biotech

2.6.3 PF4 1gG ELISA

Assay was carried out using the ImmuCor PF4 IgG ELISA kit as per manufacturers instructions, and OD

405 read on a molecular devices VERSA max plate reader.

2.7 Complement ELISAs

2.7.1 Blood collection and ethics — for complement project

Ethical approval was granted by the London-Camden and Kings Cross Research Ethics Committee
reference 20/HRA/1817 for obtaining samples from groups 1-4 (described below). For group 5
samples, ethical approval was granted by the North West ethics committee, Preston CIA UPH IRAS,

reference REC 20\NW\0240.

Group 1: Non-vaccinated individuals without any reported COVID infection (NEG). These sera were
taken from University Hospitals Birmingham NHS Foundation Trust healthcare workers in May 2020 as
part of the COVID-19 seroconversion (CoCo) study (Shields et al., 2021b). To ensure these sera were

truly COVID antibody negative for the purposes of our study, samples were screened using a clinically
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validated, CE marked ELISA against IgG, IgA and IgM to the S glycoprotein (Cook et al., 2021, Faustini
et al., 2021) (manufactured by The Binding Site, product MK654). This assay is described further in
section 2.6.1 and chapter 5. As samples were taken prior to widespread PCR testing upon COVID
symptoms, and before the introduction of SARS-CoV-2 vaccines (participation in SARS-CoV-2 vaccine
trials was an exclusion criterion for this study, as well as current COVID-19 symptomology), the absence
of anti-S antibodies is a reliable surrogate marker of no previous infection. Samples containing an anti-

N response were excluded from this group as they were suggestive of previous infection.

Group 2: Individuals vaccinated 28-35 days previously with BNT162b2 (Pfizer) vaccine (VACC), with no
evidence of previous SARS-CoV-2 infection (as determined by an absence of anti-N antibodies). These

samples were taken as part of the COVDENT study (Shields et al., 2021a).

Group 3: Individuals vaccinated with their second dose of BNT162b2 vaccine at least 28 days previously
(DOUBLE VACC), with no evidence of infection (as determined by absence of anti-N antibodies). These

samples were taken as part of the COVDENT study (Shields et al., 2021a).

Group 4: Non-vaccinated individuals with suspected previous COVID-19 infection that did not require
hospitalisation (non-hospitalised convalescent, NHC). These samples were taken as part of the CoCo
study (Shields et al., 2021b), where healthcare workers had previously self-isolated due to suspected
COVID-19. As per group 1, this was confirmed by anti-S IgGAM testing, the most reliable surrogate

marker of previous COVID-19 infection available for samples taken in May 2020.

Group 5: Non-vaccinated individuals with prior COVID-19 infection that required intensive care
treatment (ITU-CONV) during the first COVID wave. These patients had PCR confirmed SARS-CoV-2,

and samples were taken a minimum of 4 months after discharge from intensive care.
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2.7.2 Complement ELISA —Clq

96 well high-binding plates (Corning) were coated with 0.1 pug S or N protein (total 50 pl per well) in
PBS. After incubation overnight at 4 °C, plates were washed with PBS-0.1% (v/v) Tween 20, 3 times.
These washes were carried out between all subsequent steps. Plates were blocked for 1 hour at RT
with 2% (w/v) BSA in PBS-0.1 % Tween 20. Patient serum was heat-inactivated by incubating in a water
bath for 30 minutes at 56°C. They were then diluted 1 in 5 with 2% BSA supplemented with 5 mM
magnesium chloride and 5 mM calcium chloride. 50 pl/well was added to the antigen-coated plate and
incubated at 37°C for 1 hour. 50 pl/well COVID antibody negative (as measured by ELISA in section
2.6.1, same source used throughout) normal human serum (NHS) at a 1 in 40 dilution (in 2% BSA with
5 mM magnesium chloride and 5 mM calcium chloride) was added and incubated for 1 hour at RT. 100
pl rabbit anti-C1q FITC antibody (Invitrogen PA5-16601) at a 1 in 200 dilution (in 2% BSA) was incubated
at 37°C for 1 hour. 100 pl HRP conjugated swine anti-rabbit (Dako P0399) at a 1 in 2000 dilution (in
PBS-0.1% Tween 20) was incubated for 1 hour at RT. The assay was amplified using the Perkin Elmer
ELAST amplification kit as per manufacturer’s instructions, with an optimised dilution of streptavidin
of 1 in 800, incubated for 20 minutes. 100 ul TMB Core (Bio-Rad) was used to develop plates for 10
minutes, before being stopped with 50 pl 0.2M H,SO,4. OD4so was read using a SpectraMax ABS Plus

plate reader.

2.7.3 Complement ELISA — C3b, C4b, C5b

Plates were coated and washed as described above in the Clq ELISA. Plates were blocked using
100 pl/well Starting Block (Thermo Fisher) for 10 minutes. Patient serum was heat-inactivated as for
Clq assay above, but instead diluted 1 in 5 with Starting Block supplemented with 5 mM magnesium
chloride and 5 mM calcium chloride. 50 ul was added to antigen-coated plate and incubated at 37°C
for 1 hr. NHS was added as described above, but instead diluted 1 in 40 with Starting Block

supplemented with 5 mM magnesium chloride and 5mM calcium chloride. 100 pl (diluted in PBS-0.1 %
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Tween 20) of the following anti-human monoclonal antibodies were incubated at 37°C for 1 hr: mouse
anti-C4b at 1 in 22,500 (Invitrogen, LF-MA0198); mouse anti-C3b at 1 in 10,000 (Invitrogen MAI-70053)
and mouse anti-C5b at 1 in 10,000 (Invitrogen DIA 011-01-02). 100 ul HRP conjugated goat anti-mouse
(Southern Biotech 1010-05) at a 1 in 4000 dilution was incubated for 1 hour at RT. Plates were

developed and read as described above.

2.8 Cell culture and shearing

Human aortic endothelial cells (HAoECs) (Promo Cell) were grown in endothelial cell growth media MV
(Promo Cell) with supplement pack (containing 5% fetal calf serum 0.4% endothelial cell growth
supplement, 10 ng/ml epidermal growth factor (recombinant human), 90 pug/ml heparin and 1 pg/ml
hydrocortisone) and further supplements of 5% fetal calf serum, 200 U/ml penicillin and 200 pg/ml

streptomycin at 37°C, 5 % CO.. Cells were routinely used at passages 7-10.

To shear, cells were plated in 6 well plates at 2 x 10° cells/well and grown to confluency. Cells were
then washed with PBS, given fresh media, and sheared at 10 dynes/cm? on a rotator inside the

incubator for 24 hours.

2.9 Para-nitrophenyl phosphate binding assay

Bacteria were grown overnight as in section 2.2 and normalised to ODeggo = 1. In a 96 well plate, wells
were coated with approximately 1 x 10® CFU bacteria and left to adhere for 2 hours at 37°C. After
washing with PBS, wells were blocked with 1% BSA (in PBS) for 1 hour. Block was washed off with PBS,
then 2.5 x 10* HAoECs/well (in pen/strep free media) were added and incubated at 37°C, 5% CO, for 2
hours to adhere. Wells were gently washed with pen/strep free media to remove unbound HAoOECs.
20mM pNPP (Thermo Fisher) was added to lysis buffer (see Table 2.3). 200 ul of this was added per
well and incubated for 2 hours at 37°C, 5% CO,. The plate was read at 405 nm using a VictorX plate

reader (Perkin Elmer).
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2.10 Immunofluorescence

Sterile coverslips were broken into segments to fit in a 6 well plate, sealed in well with clear nail varnish
and left to dry in sterile conditions overnight. HAOECs were seeded at 2 x 10° cells/well and left to
attach for 2-4 days until confluent. Cells were then sheared as in section 2.8. Media was removed, cells
washed gently with PBS, and incubated with 1ml PPP or media per well for 30 minutes. Cells were
washed again prior to infection with STm SL1344 at MOI 10 or MOI 40 for 1 hour (in cell media without
antibiotics). Bacteria was washed away 3 times with warm PBS, before fixing cells with 4%
formaldehyde for 15 minutes at RT. Cells were permeabilised in 0.1% Triton X-100 (in PBS) for 5
minutes at RT. After 3 further PBS washes, cells were blocked in 5 % BSA in PBS for 30 minutes. BSA
was washed off with 3x PBS washes and cells were stained with an AlexaFluor 488 conjugated VE-
cadherin antibody (Santa Cruz) at 1:100 dilution (in 1% BSA in PBS) for 90 minutes in the dark. This was
achieved by applying 100 ul drop of antibody to a fresh glass slide and inverting the cell-coated
coverslip on it cell-side down. After incubation, cells were washed a further 3 times with PBS before
mounting cell side down on a fresh glass slide containing a drop of DAPI-containing Fluorishield

mounting media. Cells were then imaged using a Zeiss AxioObserver Z1 microscope.

2.11 Whole blood flow assays

2.11.1 Blood collection and ethics — Dublin project

Whole blood was obtained from healthy donors under approval from the Royal College of Surgeons

Ethics Committee (REC 1121). Blood was taken into syringes with 10% volume of 3.2% sodium citrate.
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2.11.2 Flowing whole blood over bacteria

Bacteria was grown up overnight and normalised to ODeg = 1.0 as per section 2.2. 50 pl normalised
culture per channel was added to an uncoated Ibidi p-slide VI 0.4 (lbidi) and incubated for 2 hours at
37°Cto allow bacterial adherence. Excess liquid was removed from cylinders (without disturbing liquid
in channel to avoid bubbles, see Figure 2.1) before channel and cylinders were filled with 1% BSA in

PBS to block at 37°C for 1 hour.

cylinder
channel

Figure 2.1: Diagram of a single channel on a 6-channelled Ibidi p-slide to demonstrate what is meant by cylinder
and channel.

Meanwhile, PRP was obtained from whole blood and incubated with Near Infrared BF2-
azadipyrromethene (NIR-AZA) dye (made in house in the RCSI chemistry department (Wu et al., 2019))
at a 1 in 40 dilution (5uM) stain the platelets. This was incubated in the dark for 2 hours with gentle
rocking. NIR-AZA dye is a fluorescent probe which binds non-specifically to plasma membrane and
cytosol (Fitzpatrick et al., 2022), and once internalised is prevented from leaving the cytosol by
addition of poly(ethylene-glycol) units covalently linked onto the fluorophore (Daly et al., 2017, Wu et
al.,, 2019). Immediately prior to flow experiment, NIR-AZA incubated PRP was recombined with

haematocrit.

Excess BSA was removed from chamber cylinders and replaced with PBS. Flow tubing was infused with
PBS before attaching to channels. PBS was gently pushed through the system before attaching “out”
flow tube to a Harvard PhD2000 syringe pump system set to 2 dynes/cm?. Blood was flowed through
the system for 3-5 minutes, before washing away of unbound cells by flowing PBS through the system

at 1 dyne/cm?. Images were taken using a Zeiss AxioObserver Z1 microscope.
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2.11.3 Flowing whole blood over Salmonella-primed endothelial cells

HAOECs were sheared for 24 hours (as section 2.8) and seeded into ibiTreat Ibidi py-slide VI 0.4 slides
(Ibidi) at 80,000 cells in 60 pl/channel. Cells were incubated at 37°C/5% CO, for 2 hours to allow
adherence. Blood was obtained and platelets stained as sections 2.11.1 and 2.11.2, but NIR-AZA was
used at a dilution of 1 in 60 (3.3uM) to conserve supply. Bacteria were grown as section 2.2.1 and

normalised to ODggo= 1.

HAOECs were blocked with 1% BSA (in cell media) for 1 hour at 37°C/5% CO», Flow experiment was set
up as described in section 2.11.2. PBS was flowed through system first to remove any unbound HAoECs.
This was followed by flow of mCherry labelled STm SL1344 (at ODego = 1) at 2 dynes/cm? (1.56 ml/min;
275 s) for 2 minutes. PBS was flowed through the system for 2 minutes to wash out unbound bacteria.
Whole blood (with NIR-AZA stained platelets) was flowed through the system for 5 minutes at either
venous (2 dynes/cm?; 1.56 ml/min; 275 s2) or arterial (8 dynes/cm?; 4.54 ml/min; 800 s!) flow rates.
PBS was then washed through the system to remove unbound cells and allow imaged to be taken. A

Zeiss AxioObserver Z1 microscope with 37°C incubator chamber/heat pad was used for imaging.

2.12 Statistical analysis

Statistical analysis was carried out using Graph Pad Prism 9.4.1. Results are presented as stated in
figure legend, either with median £ IQR (where large donor variation occurred), mean £ SD, or mean *
SEM (in chapter 4, where 3 technical repeats per biological repeat were averaged). Significance was
assumed at p < 0.05. Shapiro-Wilk, Anderson-Darling and D’Agostino and Pearson normality testing

was carried out and normality assumed if at least 2 of the 3 tests assigned normality.

Paired t-tests were carried out for paired normally distributed data. Friedman test with Dunn’s multiple
comparison test was used for matched (3 groups) where data was not normally distributed. For

unpaired, not normally distributed data, Kruskal-Wallis with Dunn’s multiple comparison test was
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used. To assess correlations, the Pearson correlation coefficient or the Spearman rank correlation was

calculated for normal and not normally distributed data respectively.
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CHAPTER 3: MECHANISMS BEHIND DONOR VARIATION IN

SALMONELLA-INDUCED PLATELET AGGREGATION

3.1 Introduction

Invasive non-typhoidal Salmonella (iNTS) is a leading cause of bacteraemia in sub-Saharan Africa
(Marchello et al., 2021, Stanaway et al., 2019), and treatments are becoming increasingly limited due
to the rise of antimicrobial resistant strains (Kingsley et al., 2009). Therefore, it is important to
understand the underlying mechanisms behind the interactions of Salmonella in the bloodstream in

order to open new possible avenues for treatment.

3.1.1 Salmonella mouse model

One way of gaining understanding of iNTS is through mouse models. Systemic Salmonella infections
can be modelled in susceptible strains of mice using attenuated Salmonella Typhimurium (STm) strains
such as STm SL3261, which mice are able to clear over a period of months (Beristain-Covarrubias et al.,
2019b). Results from the mouse model have shown thrombosis occurs with differing kinetics in the
spleen and liver. Whilst thrombi in the spleen occur within 24 hours of infection and resolve rapidly
(Beristain-Covarrubias et al., 2019a), those in the liver do not develop until seven days post-infection,
and are sustained through until at least day 21, before resolving around the 28 day mark (Hitchcock et
al., 2015). Unusually, thrombi in both organs are venous ‘white’ platelet-rich thrombi, in contrast to
that generally observed — typically venous thrombi are ‘red’ and made up of mostly erythrocytes, with
arterial thrombi being ‘white’ platelet driven thrombi (Beristain-Covarrubias et al., 2019b, Jerjes-
Sanchez, 2004). Furthermore, contrary to what would be expected of an immunothrombotic response,
the thrombi found in the spleen and liver contained minimal numbers of STm, suggesting they are not

efficient bacterial traps (Beristain-Covarrubias et al., 2019a). Of particular importance to the thrombi
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formation in the liver is the CLEC-2-podoplanin axis, with depletion of CLEC-2 on platelets significantly

inhibiting the thrombotic response (Hitchcock et al., 2015).

3.1.2 The effect of Salmonella on human platelets

Whilst clear thrombotic responses are seen in the mouse model, little is known about whether similar
responses occur in humans. There are case reports detailing individuals who developed thrombosis
most likely due to their invasive Salmonella infection (Taneda et al., 2019, Garcia-Fernandez-Bravo et
al., 2019, Prakash et al., 2016, Suppamutharwyam and Radhakrishnan, 2022, Strutynskaya et al., 2020,
Ghosh and Samanta, 1994), but larger scale studies do not exist. With numerous differences between
mouse and human platelets, including mice expressing over 10 x the amount of CLEC-2 on their platelet
surface compared to humans (Zeiler et al., 2014, Gitz et al., 2014), mouse platelets not expressing
FcyRIIA, and mice having over twice the concentration of platelets as humans (Schmitt et al., 2001), it
was unclear whether Salmonella would be able to activate human platelets in a similar manner to in
the mouse model. Therefore, the Cunningham lab produced preliminary data looking at whether STm
can activate platelets isolated from healthy donors (unpublished). This revealed surprising results —
whilst STm was able to activate platelets in PRP in some donors, in other donors aggregation did not
take place at all (Figure 3.1). Three different STm strains were tested: SL1344, a wild-type reference
strain; SL3261, the attenuated version of SL1344, and D23580, an invasive isolate from sub-Saharan
Africa. Interestingly, in the small number of samples tested, the invasive isolate STm D23580 was the
strain the most donors responded to, with the attenuated STm SL3261 strain not able to induce

aggregation in any of the donors tested.
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Figure 3.1: Preliminary results of platelet aggregation responses to different strains of Salmonella. Platelet rich
plasma was stimulated with ~ 5 x 108 CFU/ml STm SL3261 or ~ 1 x 10° STm SL1344 or D23580 at a 1:9

bacteria:platelet ratio. Platelets were kept at 37°C, stirring at 1200rpm, and light transmission monitored for 30
minutes. n 2 5.

3.1.3 Chapter aims

Based on these preliminary results, we wanted to further explore the mechanisms behind Salmonella-
platelet interactions, and the basis of the donor and strain variation. Therefore, the aims of this chapter

were to:

a) Assess the extent of platelet aggregation to STm SL3261, SL1344 and D23580 in a cohort of

over 20 healthy donors
b) Investigate the mechanistic reasons behind differences in donor responses
c) Investigate mechanistic reasons behind strain differences in ability to cause platelet

aggregation
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3.2 Results

3.2.1 Investigating the induction of platelet aggregation by Salmonella in healthy

donors

3.2.1.1 Salmonella does not directly activate platelets in vitro in washed platelets

Whilst inflammation due to Salmonella Typhimurium (STm) infection has been shown to cause
platelet-rich thrombi in mice, how STm affects human platelets is not known. Some bacteria, such as
S. sanguinis and S. gordonii can activate platelets directly, by binding to the platelet von Willebrand

factor receptor GPIba (Cox et al., 2011).

To test whether STm can activate platelets directly, light transmission aggregometry was used as a
measure of platelet aggregation. ~1 x 10° CFU/m| STm was added to washed platelets from healthy
donors at a 1:2 volume ratio, and levels of light transmission monitored for 30 min. Whilst the platelets
were responsive to the PAR-1 receptor agonist peptide TRAP-6, none of the three STm strains tested,
SL3261, SL1344 and D23580, caused any platelet aggregation (Figure 3.2) showing STm cannot directly

activate platelets.
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Figure 3.2: Salmonella cannot directly activate platelets. A) Washed platelets at 2 x 108/ml were
stimulated with either 100uM TRAP-6, ~5 x 10® CFU/ml Salmonella Typhimurium (STm) strain SL3261, ~1 x
10° CFU/mI STm SL1344 or STm D23580 at a 1:2 bacteria:platelet volume ratio. Platelets were kept at 37°C,
stirring at 1200rpm, and light transmission monitored in a PAP-8 aggregometer for 30 minutes. Traces
representative of n = 3. B) As A, n = 3. Bars represent mean * SD.
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3.2.1.2 Salmonella can indirectly activate platelets in a donor and strain dependent manner

Other bacteria can indirectly activate platelets, with plasma proteins acting as a bridge between the
two. For example, fibrinogen can bind to S. aureus via its Clumping Factor A protein, as well as binding
to the platelet allbB3 integrin (Kerrigan, 2015). To assess indirect activation, aggregometry was carried
out in PRP. All three STm strains activated platelets indirectly, but in a donor and strain dependent
manner (Figure 3.3). Donors were categorised into: strong responders, those whose maximum
aggregation was >60%; mid responders, whose maximum aggregation was 20-60%; weak responders,
whose aggregation was <20% but still had a clear aggregation-style curve; and non-responders, whose
light transmission levels remained linear (Figure 3.3A,B). The median maximum light transmission %
increase for STm SL1344 was 42% (IQR 17.5-85%), higher than those of STm SL3261 and STm D23580,
at 11% (IQR 0-26%) and 22% (IQR 9-58%) respectively (Figure 3.3C). In donors who responded, as well
as variation in maximum aggregation levels, the time taken for aggregation to occur (lag time) also
varied. STm SL1344 gave the median quickest lag time at 8 min (IQR 6-9.5 min), significantly faster than
STm D23580 with a median of 10 min (IQR 9-12 min), and STm SL3261 with a median of 10.5 min (IQR
9-12 min) (Figure 3.3D). Overall, STm SL1344 gave the largest and quickest aggregation responses,
followed by STm D23580, with STm SL3261 giving the weakest platelet responses. As shown in Figure
3.3E, over 75% of donors were strong or mid responders to STm SL1344, reducing to ~50% for STm

D23580, and less than 40% for STm SL3261.
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Figure 3.3: Salmonella can indirectly activate
platelets in a donor and strain dependent
manner.PRP was stimulated with ~5 x 10%
CFU/mI STm strain SL3261, ~1 x 10° CFU/mI STm
SL1344 or STm D23580 at a 1:2 bacteria:platelet
volume ratio. Platelets were kept at 37°C,
stirring at 1200rpm, and light transmission
monitored in a PAP-8 aggregometer for 30
minutes. Colour coding:

I’
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. A) Representative traces from the different colour-



coded categories to STm SL1344. B) Table summarising responses to SL3261, SL1344 and D23580 from n = 26
healthy donors. C) Numerical maximum light transmission results for responses to SL3261, SL1344 and D23580.
N =26. Bars represent median and inter-quartile range. D) Lag times taken for aggregation to occur to SL3261 (n
=15), SL1344 (n = 25) and D23580 (n = 22). Bars represent median and inter-quartile range. Kruskal-Wallis with
Dunn’s multiple comparisons test was performed, ** p < 0.005. E) Pie charts to demonstrate differences in
platelet responses between strains (n = 26).
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Figure 3.4: Donor responses to Salmonella are consistent over time. PRP was stimulated with ~5 x 10

CFU/mI STm SL3261, ~1 x 109 CFU/mI| STm SL1344 or STm D23580 at a 1:2 bacteria:platelet volume ratio.

Platelets were kept at 37°C, stirring at 1200rpm, and light transmission monitored in a PAP-8 aggregometer
for 30 minutes. ~6 month time point runs from 182-196 days after initial measurement, >15 months covers
tests >450 days after initial measurement. A) Maximum light transmission percentages of donors over time.

Coloured circles: weak responders (cream, <20%
maximum aggregation, but still with a curve), and .n=5.B) Lag times

of donors over time. n = 4.
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3.2.1.3 Donor responses to Salmonella are consistent over time

With such marked variation between donors, it was important to assess whether individual responses
were stable or varying over time. Donor responses to all three strains were measured again
approximately six months and = 15 months after the initial measurement. As demonstrated in Figure
3.4A, responses within individuals remain relatively stable over time, with any variation remaining
within the same strong, weak or non-responder category. Lag times also remained similar, with the

majority of donor lag times only varying by a couple of minutes (Figure 3.4B).

3.2.1.4 Platelet count in PRP does not affect aggregation responses to Salmonella

In washed platelets, platelet concentration is normalised when resuspending the pellet in buffer.
However, in PRP using the native platelet count is recommended (Mani et al., 2005, Cattaneo et al.,
2013), with one paper suggesting that addition of PPP to normalise platelet count can inhibit platelet
aggregation (Cattaneo et al., 2007). Therefore, all aggregation experiments were carried out in un-
adjusted PRP. To check that differing platelet counts were not causing the variation seen in response
to STm, platelet count was measured and plotted against the maximum light transmission %. As shown
in Figure 3.5, there is no correlation between platelet count and aggregation levels for any of the three

strains tested.
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Figure 3.5: Platelet count in PRP does not affect aggregation responses to Salmonella. Maximum
aggregation responses from Figure 3.3C were correlated against platelet count measured in PRP. Spearman
rank correlation was calculated: SL3261 r = 0.01, p = 0.96; SL1344 r = -0.16, p =0.47; D23580 r =-0.18, p =
0.40. n =23.
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3.2.2 Characterising platelet aggregation in response to Salmonella

3.2.2.1 Platelet aggregation, not agglutination, occurs in response to Salmonella

Platelet aggregation is an active process whereby receptors on the platelet surface are engaged and
lead to signalling pathway activation. This ultimately results in activation and adhesion of the platelets
to one another, forming platelet aggregates. On the other hand, agglutination is a passive process,
where platelet signalling pathways are not engaged, but proteins binding to the platelets causes
platelets to clump together. One way to distinguish between the two is by using an inhibitor of the
integrin allbB3, a receptor vital for platelet aggregation (Bennett, 2005). If agglutination is taking place,
addition of the inhibitor eptifibatide will not have an effect on the measured light transmission levels.
As shown in Figure 3.6, addition of eptifibatide reduced maximum aggregation levels in all donors and
strains tested. Larger decreases were seen in stronger responders, but weak responders still saw a
small decrease in maximum light transmission. Eptifibatide significantly reduced maximum light
transmission levels in SL1344 and D23580, but not in SL3261. This is likely due to the reduced number
of samples able to be tested for SL3261 due to fewer strong responders, and the decreased scope for

reduction in weakly responding samples.
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Figure 3.6: Platelet aggregation, not agglutination, is taking place in response to Salmonella. 9uM
eptifibatide was pre-incubated with PRP for 3 minutes, before stimulation with ~5 x 108 CFU/ml STm
SL3261, ~1 x 10° CFU/ml STm SL1344 or STm D23580 at a 1:2 bacteria:platelet volume ratio. Platelets
were kept at 37°C, stirring at 1200rpm, and light transmission monitored in a PAP-8 aggregometer for
30 minutes. A) Representative trace from a strong responder to SL1344. B) Pooled data from a range of
responders from strong through to weak. Data were normally distributed, so a paired t-test was carried

out. ¥*** p<0.001, * p<0.05.n=25.
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3.2.2.2 The secondary mediators ADP and thromboxane A; contribute to Salmonella-induced
platelet aggregation

Upon activation, platelets release ADP from their dense granules which can amplify and stabilise the
responses of platelets to other agonists. The two ADP receptors present on the platelet surface are
P2Y; and P2Y1,. P2Y; is responsible for the ‘early stage’ platelet activation, whose signalling through
Gq mediates a transient rise in cytoplasmic Ca?*, enabling platelets to change shape. However, the
aggregation caused via P2Y; signalling is rapidly reversible due to desensitisation of the ADP receptor.
P2Y1, is the ADP receptor that is responsible for providing stability and amplification to the aggregation
response, where its signalling via Gi leads to inhibition of adenylyl cyclase and activation of PI3kinase.

In response to ADP alone, both receptors are needed in order to result in full platelet aggregation.

In bacterial induced platelet aggregations, inhibiting the P2Y1; receptor has shown the need for ADP in
platelet aggregation to strains including S. oralis, S. gordonii and S. aureus (Arman et al., 2014,
Hannachi et al., 2020, Yeaman, 2010). However, in order to see significant inhibition with S. sanguinis
and S. pneumoniae, both P2Y1; and thromboxane A, (TxA;) synthesis needed to be inhibited (Arman et
al., 2014). TxA; is synthesised de novo by activated platelets via cyclooxygenase (COX) enzymes, and

stimulates further platelet aggregation in a positive feedback loop.

To assess the involvement of ADP and TxA; in STm induced platelet aggregation, multiple inhibitors
were used (Figure 3.7). MRS2179, a P2Y; inhibitor, resulted in only minor reductions in aggregation in
2/3 donors. The P2Yi; inhibitor cangrelor fully inhibited aggregation in 2/3 donors, with the COX
inhibitor indomethacin fully inhibiting aggregation in 1/3. The combination of cangrelor and
indomethacin together however led to complete inhibition in all 3 donors, suggesting STm induced

platelet aggregation requires both ADP and TxA,.
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Figure 3.7: Secondary mediators ADP and thromboxane A2 are involved in Salmonella-induced platelet
aggregation. PRP was incubated with the following for 3 minutes: either 20uM MRS2179, 1uM cangrelor, 10uM

indomethacin, vehicle control, or both indomethacin and cangrelor. PRP was then stimulated with ~1 x 109
CFU/ml STm SL1344 at a 1:2 bacteria:platelet volume ratio. Platelets were kept at 37°C, stirring at 1200rpm, and
light transmission monitored in a PAP-8 aggregometer for 30 minutes. n = 3.

3.2.2.3 Complement is not involved in Salmonella-induced platelet aggregation

Complement proteins are known to be involved in the mechanisms of several different bacterial
induced platelet aggregation responses including S. sanguinis (Ford et al., 1996), E. coli (Moriarty et
al., 2016) and Cutibacterium acnes (Petersson et al., 2018). Two different complement inhibitors were
used to investigate whether complement plays a role in STm platelet aggregation: compstatin, a C3
inhibitor (Morikis et al., 1998), and FUT-175, a broad-spectrum serine protease inhibitor, inhibiting C1r
and Cls (Aoyama et al., 1984). PRP was treated with PPACK to allow addition of the Ca?* and Mg?* ions
required to facilitate any complement pathway involvement. Neither inhibitor caused a decrease in
platelet aggregation levels alone, (Figure 3.8) although a very small decrease in aggregation was

observed when both inhibitors were used together.
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Figure 3.8: Complement is not required for platelet aggregation by Salmonella to occur. PRP was
incubated with 40uM PPACK for 5 minutes before addition of 1 or 2mM calcium chloride and
magnesium chloride. 10uM FUT-175, 28uM compstatin, vehicle, or both FUT-175 and compstatin were

9
added for 3 minutes, before stimulation with ~1 x 10 CFU/ml STm SL1344 at a 1:2 bacteria:platelet
volume ratio. Platelets were kept at 37°C, stirring at 1200rpm, and light transmission monitored in a
PAP-8 aggregometer for 30 minutes. n > 2.

3.2.2.4 FcyRIIA engagement is required for aggregation responses to Salmonella

The platelet 1gG receptor FcyRIIA has been implicated in the mechanisms of platelet aggregation to
many bacterial strains, including Gram positive bacteria such as S. aureus and S. pneumoniae (Arman
et al., 2014), and Gram negative bacteria such as E. coli (Moriarty et al., 2016, Watson et al., 2016). To
see whether this receptor is important in STm-induced platelet aggregation, the F(ab) fragment of the
FcyRIIA blocking monoclonal antibody 1V.3 was used. The majority of platelet donor responses were
reduced to basal levels with F(ab) IV.3 (Figure 3.9). For the donor whose aggregation level rose with
addition of F(ab), addition of the higher avidity F(ab), IV.3 resulted in inhibition of the aggregation
response. In the remaining donors where aggregation levels were higher than basal with F(ab) 1V.3,
using the higher avidity F(ab)»1V.3 caused a further reduction in aggregation. This suggests that, like

with many other bacterial strains, FcyRIIA is required in order for platelet aggregation to take place in

response to STm.
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Figure 3.9: FcyRIIA engagement is required for aggregation responses to Salmonella. 20uM F(ab)
8
IV.3, 10uM F(ab), IV.3 or vehicle were preincubated with platelets before stimulation with ~5 x 10
CFU/ml STm SL3261, ~1 x 109CFU/mI STm SL1344 or STm D23580 at a 1:2 bacteria:platelet volume
ratio. Platelets were kept at 37°C, stirring at 1200rpm, and light transmission monitored in a PAP-8

aggregometer for 30 minutes. A) Representative aggregation trace of a strong responder to SL1344
with F(ab) IV.3 inhibition. B) Maximum light transmission data from n > 3.
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3.2.3 Investigating causes of donor variation in platelet aggregation responses to

Salmonella

3.2.3.1 Levels of FcyRIIA on the platelet surface do not affect magnitude of responses to
Salmonella

FcyRIIA has previously been shown to be responsible for inter-donor variation to heat aggregated IgG
(Rosenfeld et al., 1987). With FcyRIIA implicated in platelet aggregation responses to STm, surface
levels of the receptor were measured to assess whether copy number were responsible for the donor
variation observed (Figure 3.10). The Pearson r values show a very weak positive correlation, but no
statistical significance, so FcyRIIA surface levels do not appear to be responsible for the variation in

platelet responses to STm.
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Figure 3.10: Levels of FcyRIIA on the platelet surface do not affect magnitude of responses to Salmonella.
Flow cytometry was used to measure levels of FcyRIIA (CD32a) on the platelet surface. A) Flow cytometry was
carried out on washed platelets. Fold change from isotype control median fluorescence intensity (MFI) to
CD32 MFI was calculated to normalise data obtained on two different flow cytometers. B) Results were
plotted against maximum light transmission results from Figure 3.3C. All data were normally distributed, so
Pearson correlation coefficient was calculated: SL3261 r =0.35, p=0.29, r2=0.12; SL1344 r=0.29, p = 0.39, r2

=0.08; D23580r=0.46, p=0.16,r>=0.21.n = 11.
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3.2.3.2 A plasma component is responsible for donor variation in platelet aggregation
responses to Salmonella

In order to provide further clues as to whether a platelet component, a plasma component, or a
combination of both were responsible for the donor variation, a donor swap assay was devised. Blood
was taken from both a strong responder and a weak responder. ACD-free PPP from both donors was
obtained, as well as washed platelet pellets, using an ADP-sensitive platelet preparation (see section
3.2.3.3 for reasoning behind choice of platelet preparation). Four combinations of platelets and plasma
were made: strong responder platelets resuspended in strong responder plasma (S/S), strong
responder platelets resuspended in weak responder plasma (S/W), weak responder platelets
resuspended in weak responder plasma (W/W), and weak responder platelets resuspended in strong
responder plasma (W/S) (Figure 3.11A). S/S aggregation levels show the baseline strong response, with
W/W showing the baseline weak response. Upon resuspending strong responder platelets in weak
responder plasma, aggregation levels drop to the W/W level, implying a plasma component is vital.
This is confirmed by the S/S level being reached when weak responder platelets are resuspended in

strong responder platelets (Figure 3.11B,C).
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Figure 3.11: A plasma component is responsible for donor variation in platelet aggregation responses to
Salmonella. Two washed platelet pellets from a strong and weak responder were obtained using an ADP-
sensitive preparation and resuspended in ACD-free PPP from both donors. Platelet concentrations were 2.3-
2.5 x 108 /ml depending on PPP amounts obtained for dilution. These were then stimulated with ~1 x 10°
CFU/mI STm SL1344 at a 1:2 bacteria:platelet volume ratio. Platelets were kept at 37°C, stirring at 1200rpm,
and light transmission monitored in a PAP-8 aggregometer for 30 minutes. A) Example schematic showing

combinations of platelets and plasma — green thumbs up for the strong responder

component, red thumbs

down for the weak responder component. B) Representative traces of a donor swap experiment. C) Pooled n

= 3 (two different strong responders and two different weak responders in three d
are mean = SD.
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3.2.3.3 Washed platelets resuspended in PPP do not give similar responses to PRP

In the process of optimising the donor swap experiments above, it became apparent that resuspending
washed platelets in plasma did not give optimal responses. Figure 3.12A,B shows the differences in
responses to traditional platelet agonists TRAP-6 and CRP in PRP, along with washed platelets (WP)
from a traditional preparation (methods section 2.3.3) resuspended in Tyrode’s buffer (WP/T normal
prep), or PPP (WP/PPP normal prep). Whilst WP/T normal prep gave reduced maximum aggregation
levels compared to PRP, agonists still gave good responses. However, in the WP/PPP normal prep, no
response was seen to high dose TRAP-6, and a minimal response to high dose CRP. Interestingly, if
swapping the platelet washing protocol to an ADP sensitive one (methods section 2.3.4), TRAP-6
initiates a small, reversible aggregation, whilst CRP gives the same response as in PRP (Figure 3.12A,B).
When investigating the difference platelet preparations make in response to STm, similar results are
seen, with maximum aggregation reduced by over 4 times in the WP/PPP normal prep compared to
PRP (Figure 3.12B, right hand graph). The reduction was just under 2 times when changing the prep to
ADP sensitive, so this method was used for all assays where resuspension of platelets in PPP was

needed.
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Figure 3.12: Washed platelets resuspended in PPP do not give similar responses to PRP. Washed
platelets were either prepared using the standard method (section 2.3.3) or using an ADP sensitive
method (section 2.3.4). Pellets were then resuspended into either PPP (WP/PPP) or Tyrode's buffer
(WP/T). PRP was also prepared (section 2.3.2). 100uM TRAP-6 or 10uM collagen-related peptide (CRP)
was added and responses measured for five minutes. n = 1. B) The same types of platelet preparations
as in A were used, minus WP/T, as this does not permit aggregation to STm SL1344. Platelets were

stimulated with ~1 x 109 CFU/ml STm SL1344. Left hand side figure shows representative aggregation
traces, right hand figure showed pooled data from n = 2.
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3.2.3.4 Depletion of anti-Salmonella antibodies in plasma stops platelet aggregation induced by
Salmonella

With confirmation of a plasma component being responsible for donor variation, and a known role for
the FcyRIIA receptor, the next step was to confirm whether the ligand of FcyRIIA, 1gG, was vital for
platelet aggregation. Anti-STm antibodies were depleted from PPP by incubation with 1 x 10° CFU/ml
STm SL1344 for 2 hours at 4°C, before centrifugation to remove bacteria. In a similar manner to the
donor swaps above, one ADP sensitive platelet preparation pellet was resuspended in this antibody
depleted PPP (dPPP), with the other pellet resuspended in normal PPP (WP/PPP) as a control. As shown
in Figure 3.13, the antibody depletion led to no or low aggregation to STm SL1344, demonstrating that

anti-STm antibodies are required for STm induced platelet aggregation.
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Figure 3.13: Depletion of anti-Salmonella antibodies in plasma stops platelet aggregation induced
by Salmonella. PPP was obtained prior to day of experiment. Anti-Salmonella antibodies were

depleted by incubating PPP with 1 x 109 CFU/ml STm SL1344 for two hours at 4°C, before centrifuging
to remove bacteria. The supernatant of antibody depleted PPP (dPPP) was frozen, along with control
PPP. On day of aggregation, fresh blood was taken, platelet pellets made using the ADP sensitive
platelet preparation and resuspended in either dPPP or PPP. These were then stimulated by either ~5

x 10° CFU/ml STm SL3261, ~1 x 10° CFU/ml STm SL1344 or STm D23580 at a 1:2 bacteria:platelet
volume ratio. Platelets were kept at 37°C, stirring at 1200rpm, and light transmission monitored in a
PAP-8 aggregometer for 30 minutes. A) Representative trace of a strong responder to SL1344 WP/PPP
and their response in WP/dPPP. B) Pooled data from n = 3. Colours represent separate donors — blue
and purple were strong responders, teal a weak responder. Data are presented as WP/dPPP
responses to the three bacteria relative to the control WP/PPP level taken as 100% maximum
aggregation.
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3.2.3.5 Total anti-Salmonella 1gG antibody levels correlate with platelet aggregation levels

Using a whole bacteria ELISA, levels of anti-STm antibodies against the three strains were measured.
Although the total IgG results were normally distributed, the maximum aggregation levels for STm
SL3261 and STm D23580 were not, so when carrying out statistical tests on the correlation graphs, the
non-parametric Spearman rank correlation coefficient was calculated (Figure 3.14). All three strains
gave moderately positive correlations of total IgG against maximum aggregation levels, with Spearman
r values of 0.65, 0.52 and 0.61 for STm SL3261, SL1344 and D23580 respectively, significant for STm
SL3261 and D23580 (Figure 3.14, left hand side). The lag times for all three strains were normally
distributed, so the parametric Pearson correlation coefficient was able to be calculated. As 5/12 donors
tested were non-responders to SL3261, only 7 samples had lag times able to be plotted, leading to a
Pearson r value of -0.3141, and no significance. However, for SL1344 (n =11) and D23580 (n = 10), the
Pearson r values of -0.77 and- 0.74 were significant (Figure 3.14, right hand side). Taking the
correlations for both maximum aggregation and lag time into account strongly suggests that the more

anti-STm antibody a donor has, the stronger and faster their STm induced platelet aggregation.
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Figure 3.14: Total anti-Salmonella 1gG antibody levels correlate with platelet aggregation levels. Total IgG
levels to each three bacteria were measured using an in-house ELISA (section 2.6.2). Resulted presented are
from the 1 in 20 serum dilution. These results were correlated against maximum light transmission levels (left
hand figures) and lag time (right hand figures) from Fig 3.3. Maximum light transmission results were not all
normally distributed, so Spearman rank correlation coefficient was calculated. Lag times were all normally
distributed, so Pearsons correlation coefficient was calculated. Best fit lines added with simple linear
regression. For left hand graphs, n = 12. For right hand graphsn > 7.
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3.2.3.6 No individual 1gG subclass is responsible for variation in platelet aggregation responses

to Salmonella

With variation in total IgG levels to STm reflecting in the platelet aggregation response, the levels of
individual IgG subclasses were measured (Figure 3.15) to see whether a particular isotype was
responsible for activating platelets. When correlating these against aggregation responses (Figure
3.16), Spearman r values were calculated as not all data sets were normally distributed. The only
significant correlations were between maximum aggregation and IgG2 levels for STm SL1344, and lag
time and 1gG1 levels of STm D23580 (Figure 3.16B). Given the lack of consistency between strains, and
no single isotype having a statistically significant correlation to both the maximum aggregation level
and the lag time, it is not possible to conclude that a single IgG isotype is responsible for the

aggregation response.
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Figure 3.15: Levels of IgG subclass antibodies against Salmonella strains. In house ELISAs were
carried out to measure levels of anti-Salmonella 1gG subclass antibodies to each of the three
strains. N = 16. Bars = median.
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SL3261 SL1344
Spearman, r P value Spearman, r P value
% Max Lag % Max Lag % Max Lag % Max Lag
. aggregation| time |aggregation| time aggregation| time |aggregation| time
lgG1 -0.12 0.119 0.757 1gG1 0.12 0.656 0.053
lgG2 0.18 -0.20 0.505 0.579 1gG2 0.006 0.059
1gG3 | 0.20 - 0453 0274 | |1eG3| o036 048 | o169 0073
lgG4 -0.05 -0.25 0.867 0.486 | [18G4 0.26 -0.06 0.326 0.835
D23580
Spearman, r P value

% Max Lag % Max Lag

aggregation| time |aggregation| time

IgG1 0.40 0.122 0.003

lgG2 -0.09 0.052 0.761

1gG3 0.20 -0.42 0.448 0.155

1gG4 -0.16 0.17 0.547 0.587

Figure 3.16: No individual 1gG subclass is responsible for variation in platelet responses to Salmonella. In
house ELISAs were carried out to measure levels of anti-Salmonella IgG subclass antibodies to each of the

three strains. A) Results were correlated against maximum aggregation.B) Spearman r values and p values for
graphs in A, plus correlations against lag time (graphs not shown). Statistically significant results are bold.
n = 16 for maximum aggregations. n > 7 for lag times.

To see whether combinations of isotypes provided stronger correlations, OD values from subclasses
were combined and correlation calculations re-done. 1gG4 was not included in combinations other
than all 4 subclasses as this subclass makes up the smallest proportion of total IgG in blood (Rispens
and Huijbers, 2023), and very little variation in 1gG4 was seen in our donor cohort (Figure 3.15). For
STm SL1344 all combinations of I1gG subclass apart from IgG1 and 3 were strongly positively correlated
to both maximum aggregation levels and lag time (Figure 3.17). For STm SL3261 and D23580, different
combinations of isotypes gave significant moderate positive correlations (Figure 3.17). This suggests

that the individual isotype is not important, rather the overall level of antibody able to coat the

bacterium, regardless of subclass, relates to the level and speed of platelet aggregation seen.
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SL3261

B Spearman, r P value
% Max Lag % Max Lag
aggregation| time [aggregation| time
1gG1,2,3,4 -0.06 0.042 0.891
1gG1,2,3 -0.14 0.057 0.704
1gG1,2 0.36 0.176 0.532
lgG1,3 0.050 0.486
1gG2,3 0.39 -0.09 0.134 0.810
SL1344
Spearman, r P value
% Max Lag % Max Lag
aggregation| time |aggregation| time
1gG1,2,3,4 0.002 0.009
gG1,2,3 0.002 0.008
lgG1,2 0.002 0.004
lgG1,3 -0.57 0.713 0.028
lgG2,3 -0.62 0.0003 0.016
D23580
Spearman, r P value
% Max Lag % Max Lag
aggregation| time |aggregation| time
1gG1,2,3,4 -0.44 0.067 0.133
1gG1,2,3 -0.55 0.010 0.055
lgG1,2 -0.39 0.056 0.189
lgG1,3 0.26 0.325 0.002
1gG2,3 -0.35 0.009 0.240

Figure 3.17: Combinations of 1gG subclass correlate with platelet aggregation responses. In house ELISAs
were carried out to measure levels of anti-Salmonella 1gG subclass antibodies to each of the three strains. A)
OD’s were combined from multiple subclasses, and totals correlated against maximum aggregation. n = 16.
Lines are simple linear regression. B) Spearman rank correlation values and p values for graphs shown in A, as
well as for correlation graphs with lag time (graphs not shown). Statistically significant results are bold. n = 16
for maximum aggregations. n > 7 for lag times.
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3.2.3.7 Platelet aggregation to Salmonella cannot be reconstituted in washed platelets with the
addition of pooled human IgG and fibrinogen

With the level of anti-STm antibody clearly related to the strength of platelet aggregation when carried
out in PRP, it follows that adding IgG to the system in washed platelets should allow similar responses.
Based on previous work, where for some bacterial strains addition of fibrinogen helped reduce lag time
and increase maximum aggregation (Arman et al., 2014), fibrinogen was also added to give maximum
chance of successful aggregation. Despite the platelets responding normally to the PAR-1 activating
peptide TRAP-6, aggregation was not seen upon addition of STm SL1344, pooled human IgG (hlgG) and
fibrinogen at physiological concentrations (Figure 3.18A). Increased concentrations of these reagents
were also tested with no effect (data not shown). In lieu of hlgG, a polyclonal rabbit anti-Salmonella
antibody was used (STmlgG), but this also made no difference in the outcome (Figure 3.18A). To ensure
there were no problems with the hlgG and fibrinogen stocks, the same tests were done on S. oralis,
for which aggregation in washed platelets with the addition of higG and fibrinogen has been previously
published (Arman et al., 2014). For S. oralis under these conditions, full aggregation took place within

5 minutes (Figure 3.18B), confirming there were no issues with the reagents.

higG + fibrinogen only

. SL1344 + hlgG + fibrinogen
" SL1344 + S“i’r?ﬁébﬁ fib?iﬁbgen

S. oralis only

TRAP-6

20%| 20%|

Figure 38.8niPlatelet aggregation to Salmonella cannot be reconstituted in washed platelets with the
addition of pooled human IgG and fibrinogen. Platelets were washed and resuspended in Tyrode’s buffer.
A) TRAP-6 at 100uM was used as a control. 0.1 mg/ml pooled human IgG (hlgG) or 0.1 mg/ml polyclonal rabbit

anti-Salmonella antibody (STmlgG), plus 1 mg/ml fibrinogen and ~1 x 109 CFU/mI| STm SL1344 were added to

S. oralis + hlgG + fibrinogen

9
washed platelets, in a 1:2 bacterial:platelet volume ratio. B) hlgG and fibrinogen added as in A. ~4 x 10
CFU/ml S. oralis was added to platelets at a 1:10 bacterial:platelet ratio. n > 1.
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3.2.4 Investigating the role of PF4 in Salmonella-induced platelet aggregation

3.2.4.1 High dose heparin inhibits Salmonella-induced platelet aggregation

As described in section 1.5.8, PF4 can bind to bacteria and induce binding of anti-PF4 antibodies (Krauel
et al., 2011). Further to this, Arman et al (2014) have shown that PF4 was able to reduce the lag time
of bacterial induced platelet aggregations in washed platelet preparations. This was not the case in
PRP, likely due to the highly positively charged PF4 binding to other plasma proteins rather than the
bacteria. Instead, to investigate a potential role of PF4 in PRP, heparin was used. With its strong
negative charge, heparin is able to bind PF4, with the ratio of PF4/heparin causing different effects. At
lower heparin doses, lag time was reduced for the five strains investigated in (Arman et al., 2014),
whereas at higher doses effects were more variable, with both reduction and increase of lag time in

different strains, and total inhibition of response in some cases.
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Figure 3.19: High dose heparin inhibits Salmonella-induced platelet aggregation. Differing doses of
heparin (0.5, 10 and 100 U/ml) were pre-incubated with PRP for 3 minutes prior to addition of ~1 x 10°
CFU/m| STm SL1344 at a 1:2 bacteria:platelet volume ratio. Platelets were kept at 37°C, stirring at
1200rpm, and light transmission monitored in a PAP-8 aggregometer for 30 minutes. Each line is one
different donor, n = 4.
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When testing different heparin concentrations with STm platelet aggregations, lower doses caused a
small increase in maximum aggregation, but the largest effect was at a high dose of heparin, which
caused inhibition of the aggregation response (Figure 3.19, left hand side). Addition of any dose of
heparin caused an increase in lag time in 6 out of the 7 tests (Figure 3.19, right hand side). This suggests

that PF4 could be involved in STm induced platelet aggregations.

3.2.4.2 Platelet aggregation to Salmonella cannot be reconstituted in washed platelets with the
addition of pooled human IgG, fibrinogen and PF4

With the possibility of PF4 involvement, the same experiments as in section 3.2.3.7 (washed platelets
supplemented with hlgG and fibrinogen before stimulation with STm SL1344) were performed, with
the addition of PF4, to see whether the presence of this molecule allowed aggregation. Addition of
PF4, hlgG and fibrinogen alongside STm SL1344 did not cause any aggregation effect when added to
washed platelets (Figure 3.20).

SL1344 + hlgG + fibrinogen + PF4

[V RSN e
¥ A A

5 min

Figure 3.20: Platelet aggregation to Salmonella cannot be reconstituted in washed platelets with the
addition of pooled human IgG, fibrinogen and PF4. Platelets were washed and resuspended in Tyrode’s
buffer. A) TRAP-6 at 100uM was used as a control. 0.1 mg/ml pooled human 1gG (hlgG), 1 mg/ml
fibrinogen, 10pg/ml PF4 and ~1 x 10° CFU/ml STm SL1344 were added to washed platelets, in a 1:2
bacterial:platelet volume ratio. Representative trace from n = 2.
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3.2.4.3 Donor samples are negative for anti-PF4 complex antibodies

With the high dose heparin inhibition suggesting a possible role for PF4, but the addition of PF4 to the
system still not causing platelet aggregation in washed platelets, donor samples were tested for the
presence of anti-PF4 antibodies. These antibodies would be needed for PF4 to be playing a role in the
platelet aggregation as discussed in section 1.5.8 and Krauel et al (2011). To test for these antibodies,
the Immucor PF4 IgG ELISA, a HIT screening assay was used. The Immucor ELISA uses polyvinyl
sulfonate-PF4 complexes, which mimics heparin-PF4 (Visentin et al., 2001), and therefore also likely

mimics bacteria-PF4 complexes.

12/13 samples gave a negative result (Figure 3.21), with just one sample giving an OD slightly above
the positive cut-off line. The donor whose sample tested positive is a weak responder to all three
strains, making the result unlikely to have any significance. Therefore, with the majority of samples not
containing detectable 1gG anti-PF4 antibodies, and the addition of PF4 still not allowing STm induced
aggregation in a washed platelet system, it can be concluded that PF4 is unlikely to be playing a role in

platelet aggregation to STm in this in vitro system.
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Figure 3.21: Donor serum samples are negative for anti-PF4 complex antibodies. The Immucor PF4 IgG
ELISA was carried out as per manufacturers instructions. Red dot = negative control, green dot =
positive control. As per instructions, samples with an OD equal or greater than 0.4 are classed as
positive results. n = 13.

78



3.2.5 Investigating the role of antibody in platelet aggregation by Salmonella

3.2.5.1 Platelet aggregation to Salmonella can be reconstituted in ADP sensitive platelets with
the addition of anti-Salmonella antibody

With PF4 unlikely to be playing a role, it was important to assess why, with antibody already being
identified as a key component in the donor variation, adding antibody to STm did not result in
aggregation in washed platelets. Section 3.2.3.3 showed that when resuspending washed platelets in
PPP, an ADP sensitive platelet preparation gave larger aggregation responses than a standard platelet
preparation. However, for experiments in sections 3.2.3.7 and 3.2.4.2, a standard preparation was
used, as platelets were being resuspended in buffer, rather than PPP, and a standard preparation had
been used for these experiments in Arman et al. (2014). However, with the results using ADP-sensitive

platelets in mind, the experiments from sections 3.2.3.7 and 3.2.4.2 were re-run using this prep.

Again, with the addition of higG and fibrinogen, S. oralis (and S. aureus as an additional positive control)
caused full aggregation of platelets within a lag time of 5 minutes. STm SL1344 plus higG and fibrinogen
still did not lead to platelet aggregation (Figure 3.22A). However, substituting the higG for polyclonal
rabbit anti-Salmonella 1gG (STmlgG) did allow for STm induced platelet aggregation (Figure 3.22B). This
aggregation was possible with the addition of STmIgG alone, with the addition of fibrinogen increasing
the maximum aggregation and speed of response by a minor amount. Addition of PF4 to the system

made no difference to the level and rate of aggregation.

With the conditions for aggregation optimised, dose-response curves using the STmIgG were able to
be performed (Figure 3.22C). In the donors tested, interestingly, STm SL13144 was able to aggregate
at lower concentrations of STmIgG than D23580 and SL3261, mirroring the results seen in PRP.
Furthermore, keeping the maximal concentration of STmlgG allowed responses to be seen with

decreasing amounts of STm SL1344 (Figure 3.22D)
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Figure 3.22: Platelet aggregation to Salmonella can be reconstituted in ADP sensitive platelets with the
addition of anti-Salmonella antibody. Washed platelets were made using an ADP-sensitive method. A)

Platelets were stimulated either with ~1 x 108 CFU STm SL1344, ~1.2 x 108 CFU S. oralis, or ~3 x 107 CFU S.
aureus. Pooled human IgG (higG), fibrinogen and PF4 were added as labelled at the following concentrations:
0.1 mg/ml, 1 mg/ml, 10 ug/ml. n = 1 B) As A, but using a polyclonal rabbit anti-Salmonella antibody (STmIgG)
instead of hlgG. Representative traces of n = 2 C) Dose response curves to the three Salmonella strains using
STmlgG. SL3261 n =1, SL1344 and D23580 n = 3. Bars are mean * SD. D) Keeping the amount of platelets the
same throughout, the final bacterial dilution was reduced. 0.1 mg/ml STmIgG was added to each. n = 1.
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To conclude this section, platelet aggregation responses to STm are donor dependent, with the amount
of anti-Salmonella IgG antibody in the plasma correlating with the level of platelet aggregation and the
speed at which it occurs. This finding is mirrored in washed platelets with the addition of STm specific
IgG antibody being the only supplement required to cause STm induced platelet activation, with higher

antibody levels causing higher aggregation levels.

3.2.6 Investigating why Salmonella strains differ in their capacity to induce platelet
aggregation

3.2.6.1 Salmonella O-antigen chain length affects platelet aggregation responses

The three Salmonella strains used thus far are all variants of Salmonella Typhimurium. STm SL1344 is
the grandparent strain of STm SL3261, which has an additional AroA gene knockout leading to its
attenuation (Hoiseth and Stocker, 1981). Aside from this, the two strains should be genetically the
same. STm D23580 however, has diverged (see Figure 1.3 in introduction), and has single nucleotide
polymorphisms, insertions and in particular, many deletions in its genome in comparison to STm
SL1344 (Kingsley et al., 2009). Two of the genes degraded in comparison to SL1344 are putative outer
or integral membrane proteins, with a further deletion of a secreted protein implicated in long-term
intestinal persistence in mice (Kingsley et al., 2009). With STm SL3261 and STm SL1344 being so closely
related, but STm D23580 having many genetic differences, assessing why these strains have different

phenotypes when it comes to activating platelets is difficult.

Therefore, specific mutants of a different STm reference strain, wildtype (WT) 14028, were used as a
starting point to identify whether variation in O-antigen chain length could be one component that
causes different platelet aggregation responses. The 14028 Awzy strain expresses LPS with only one
O-antigen repeat, whilst the 14028 Awbap strain expresses LPS with no O-antigen repeats (Figure
3.23A). 10428 Ato/R mutants have an unstable outer membrane, causing vesicles to bleb from the

membrane (Figure 3.23B). The double mutants bleb outer membrane vesicles (OMVs) with either wild-
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type LPS, one or no antigen repeats for 14028 AtolR, 14028 AtolRAwzy and 14028 AtolRAwbap

respectively.
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Figure 3.23: Diagrams demonstrating the effects of different knock-out strains used. A) Adapted from
(Silhavy et al., 2010). Brown hexagons represent one O-antigen repeat: WT LPS has a mixture of O-antigen
lengths from 0-100. Awzy has one O-antigen per LPS, whilst Awbap does not contain any O-antigen. B)
Adapted from (Kuehn and Kesty, 2005). AtolR mutants have an unstable cell membrane leading to blebbing
and formation of outer membrane vesicles.

Figure 3.24 shows the variation in responses to the different strains. As with the three original STm
strains tested, there is both strain and donor variation. The same colour coding system has been used,
with donors split into strong, mid, weak and non-responders (Figure 3.24A,B). Taking the strong and
mid responders only for further analysis shows that in both the WT 14028 and the 14028 AtolR, the
removal of most or all of the O-antigen chain causes a reduction in platelet aggregation (Figure

3.24C,D). In the majority of donors, aggregation levels are reduced to a minimum, although there are
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some donors whose platelets were still able to aggregate strongly, although still mostly at a lower level
compared to the WT. Despite the maximum aggregation levels being lower for the O-antigen mutants,
the median lag times between the 14028 mutants remained static at 6 minutes, albeit with much less
donor variation in the Awzy and Awbap mutants (Figure 3.24E). For the AtolR strains, the median lag
times were 4, 2 and 2.5 minute for the single Ato/lR mutant, Ato/RAwzy and Ato/RAwbap respectively
(Figure 3.24E). Together, these data suggest that O-antigen plays a key role in STm induced platelet
aggregation, and that having a larger available surface area of outer membrane allows for quicker

platelet aggregation.
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Figure 3.24: Salmonella O-antigen chain length affects platelet aggregation responses. Strains were
8
added to platelets at a 1:2 volume ratio. The final concentrations of bacteria were: ~ 6.7 x 10 CFU/ml

14028 and 14028 Awzy, ~3.3 x 108 CFU/ml 14028 Awbap, 14028 AtolR, 14028 AtolRAwzy and ~ 1.7 x 107
CFU/ml 14028 AtolRAwbap. A) Aggregation traces from donor E, which can be seen in comparison to

others in B. B) Table showing donor variation in responses to 14028 mutants. Colour coding: F

, weak responders (cream, <20% maximum aggregation, but still with a curve), and -

. C) Only donors who responded strongly to 14028 are plotted.
Maximum aggregation % to 14028, and its O-antigen mutants. n = 5 D) Only strong and mid responders
to 14028 AtolR are plotted. Maximum % aggregation to 14028 AtolR and its O-antigen mutants. n = 7. E)
Comparison of lag times between 14028 and 14028 AtolR mutants, and their O-antigen mutants. n = 8.
Friedman test for paired samples (non-parametric) with Dunn’s multiple comparisons test revealed
significance between the WT AtolR (*) and AwzyAtolR (a) with an adjusted P value of 0.0054, and
between WT AtolR (*) and AwbapAtolR (b) with an adjusted P value of 0.0489.
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3.3 Discussion

This chapter shows that Salmonella Typhimurium can activate platelets, but in a donor and strain
dependant manner. Platelets are activated indirectly, with STm SL3261 least able to cause strong
activation, and STm SL1344 most able. The levels of anti-STm IgG antibody in the donor serum are
strongly linked to the variation in platelet responses, with higher antibody levels resulting in stronger
and faster platelet activation. It appears that one factor involved in the variation of responses between
strains could be variation in the LPS O-antigen chain, with knock-out strains showing markedly reduced

platelet activation when O-antigen is absent.

The first aim of this chapter was to assess the responses of a larger cohort of healthy donors to three
STm strains: the attenuated lab strain STm SL3261, wild-type strain STm SL1344 and invasive clinical
isolate STm D23580. Preliminary results from the Cunningham lab showed STm D23580 was capable
of activating platelets in the most number of donors, with STm SL3261 not able to activate any of the
donors tested. However, upon testing a larger cohort of donors, STm SL1344 was the strain able to
induce aggregation in most donors. STm SL3261 remained the strain with the weakest responses. One
reason behind the difference seen between these results and the preliminary data could be the
dilution of bacteria used. In the preliminary studies, a 1 in 10 bacterial dilution was added to the
platelets. However, when optimising the dilutions for this thesis, it was found that those donors who
had minimal aggregation responses at 1 in 10 showed stronger responses using a 1 in 3 bacterial
dilution. Therefore, this dilution was used moving forward. It is also interesting to think about the
possible impact of the COVID-19 pandemic on the donor responses. The preliminary data was obtained
prior to the pandemic, whereas the donors used in this thesis started being tested at the beginning of
2022. Due to the pandemic, in the two years prior to this, people’s travel had been severely restricted,
which could perhaps have reduced the general exposure to bacteria such as Salmonella, impacting on

the IgG levels in donors and therefore platelet aggregation responses seen.
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Testing STm responses in both washed platelets and PRP, showed that STm indirectly activates
platelets. Some bacteria are able to directly interact with platelets, for example the S. pneumoniae
lipopeptide can activate platelets by binding toll-like receptor 2 (Keane et al.,, 2010b), but many
bacteria need a plasma component for in order for platelet aggregation to occur. Bacterial induced
platelet aggregation where IgG has been shown to be involved include S. epidermis (Brennan et al.,
2009), Helicobacter pylori (Byrne et al., 2003) and S. sanguinis (Arman et al., 2014, Ford et al., 1997),

so it fits that the addition of anti-Salmonella 1gG to STm and platelets leads to aggregation.

What is more unusual is the extent of the donor variation observed. Previous studies have shown
variation in lag time to S. sanguinis (Ford et al., 1997, Ford et al., 1996), S. oralis CR834 (Tilley, 2013)
and Cutibacterium acnes (Petersson et al., 2018), but variation in maximum aggregation has not been
shown, with bacterial induced aggregation commonly referred to as an all-or-nothing response
(Kerrigan, 2015). Therefore, to see this kind of variation in maximum aggregation to STm is surprising.
However, it is a consistent result, observed throughout many different donors PRP, and within donors
when using washed platelets with differing amounts of either STmlIgG or dilutions of SL1344 itself. In
agreement with this result, one paper has reported variation in the responses of 23 donor aggregation
levels when using 500ug/ml heat aggregated human IgG (Rosenfeld et al., 1987). Interestingly, using
seven of their donors, they managed to show a positive correlation between levels of FcyRIIA on the
platelet surface and aggregation levels, in contrast to that found here with STm. This difference could
be due to the difference in the activating ligand used, and the difference in platelet preparation —
Rosenfeld et al used washed platelets, whereas PRP was used here. It would be interesting to test more
donors using the ADP sensitive washed platelet preparation and a sub-optimal amount of STmlgG
(around 12.5ug/ml for SL1344) to see whether this invoked donor variation in washed platelets, and
whether this more standardised approach, lacking what could be interference by plasma proteins,

would show a correlation between responses and FcyRIIA levels.

86



In terms of variation between strains, this is more commonly observed, with 7/11 strains of S. oralis
tested in Tilley (2013) able to cause platelet aggregation, with the remaining four strains unable to.
Variation has also been shown with four C. acnes strains (Petersson et al., 2018) and 21 different H.
pylori strains (Corcoran et al., 2007). What is less well understood are the reasons behind these strain
differences, a question that remains with Salmonella, especially given the similarities between STm

SL1344 and STm SL3261.

Clear correlations between the amount of anti-STm antibody present and the degree and speed of
platelet aggregation to STm were shown (Figure 3.14). A study analysing the same in S. sanguinis did
not find a correlation between bacterial specific IgG and lag time (Ford et al., 1997), showing just how
variable the mechanisms between different bacteria can be. This difference could be due to the nature
of the cell membranes, with STm being Gram negative, but S. sanguinis being Gram positive. The
results in this thesis suggest a role for the LPS O-antigen in STm induced platelet aggregation, but with
Gram positive strains lacking LPS, this could account for the mechanistic differences between the
strains. Another factor to take into account is that S. sanguinis is a commensal oral microbe, making it
a bacteria that the majority of people live with, in contrast to Salmonella which is pathogenic, which
could also effect the links between IgG levels and platelet aggregation. | would hypothesise that the
donor variation seen in this cohort is heavily influenced by the nature of the healthy donors tested. If
this study was carried out in sub-Saharan Africa for example, | would expect higher levels of strong
responders, due to the high prevalence levels of anti-Salmonella antibodies in the population

(Stockdale et al., 2019).

Although my results showed correlations between total anti-STm IgG, no role for individual subclasses
was revealed. Instead, it is likely that the particular 1gG subclass is unimportant, rather any
combination of antibodies can come together to bind STm allowing aggregation proportional to the

amount of antibody bound. Having said that, FcyRIIA has different affinities for the different
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subclasses, in the order 1gG3>IgG1>IgG4>IgG2 (Vidarsson et al., 2014). Furthermore, these affinities
differ depending on the single nucleotide polymorphism (SNP) at position 131 (sometimes labelled as
position 166 if the signal peptide is included in the counting (Nagelkerke et al., 2019)). A histidine (H)
at this position has increased affinity for IgG1 and IgG2, compared to the arginine (R) haplotype (Anania
et al., 2019, Bruhns et al., 2009). This has functional consequences, with clear variation in platelet
aggregation responses shown to anti-CD9 antibody, which activates platelets via the FcyRIIA receptor
(Worthington et al., 1990). Results showed HH homozygotes had the lowest average aggregation
response, RR homozygotes the highest average response, and R/H heterozygote sitting on average
between the two homozygotes, albeit with much higher variation in responses (Worthington et al.,
1990). With HIT proposed to be a mis-directed bacterial response (Krauel et al., 2011), a role for this
SNP in HIT could provide clues to the donor variation seen to STm. However, although many studies
on this subject area have been carried out, the results remain controversial, with some studies
suggesting increased frequency of 131H in HIT, but others suggesting the opposite (Denomme, 2012).
Furthermore, there are other SNPs in FcyRIIA which have yet to be studied so intensely (Nagelkerke et
al., 2019), including a leucine insertion that increases binding affinity to IgG (present in ~17% of those
in a cohort from Ghana (Omar et al., 2012)) and Q27W, which causes reduced Ca* mobilisation
therefore altering down-stream signalling (frequency of 0.5% in a healthy Dutch control population,
but 4% in a common variable immunodeficiency cohort (Flinsenberg et al., 2014)). Whilst consensus
has not been made in terms of the role of genetic variation in FcyRIIA in HIT, these mutations could be
having an effect on platelet responses to bacteria. With my results showing that reducing the
concentration of STmIgG added to SL1344 in ADP-sensitive washed platelets from 25ug/ml to
12.5ug/ml takes you from a strong response to a weak response, the amount of antibody in the system
is clearly very important. Therefore, the affinity different antibody subtypes have for platelets could
alter responses. For example, antibodies to polysaccharides such as Salmonella LPS are largely of the

IgG1 and IgG2 subclasses (Vidarsson et al., 2014, Ferrante et al., 1990). With the HH homozygote
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known to have higher affinity for IgG2 antibodies than the RR homozygote, this affinity difference could
potentially be enough to alter the amount of antibody bound to the platelet at any one time, triggering

the difference between a strong response and a weak response.

A further consideration around IgG is the length of time the anti-STm antibodies circulate in the body.
Figure 3.4 shows donor platelet responses are stable for over a year, which taken in conjunction with
Figure 3.13 showing aggregation is dependent on anti-STm specific antibody, suggest that antibody is
still present. Generally antibody levels wane over time without repeat exposure, but in vivo would
quickly be produced again upon re-infection. Therefore, it might not necessarily be expected that
enough anti-STm antibody would remain over a period of > 1 year as is implied in the stability of donor
responses here. In a study looking at antibodies to STm O-antigen in >1000 individuals, 82% were
deemed seropositive, with most of the seronegative responses occurring in those under 18 months of
age (Stockdale et al., 2019). However, this study was in Uganda, a population who would be exposed
STm at very different levels to the healthy population tested in this thesis, and only covers one point
in time. There is little data on the decay profiles of Salmonella antibodies in humans. One study has
shown that in confirmed STm patients, an STm LPS ELISA (specificity 98% and sensitivity superior than
that of the Widal assay, a commonly used test for Salmonella in developing countries) showed IgG
antibodies present in 57% of individuals after 1 month, reducing to 44%, 31%, and 11% after 3, 6 and
12 months respectively (Strid et al., 2007). To check for cross-reactivity with other antigens, samples
from patients with other gastrointestinal illnesses (excluding STm) were tested in the assay. 24% of
those with H. pylori tested positive for IgG, A or M using the STm LPS assay, as well as 21% of those
with Yersinia enterocolitica, and 12% of those with E. coli or Campylobacter species infections (Strid et
al., 2007). Interestingly, in similar tests looking at the STm flagellar H antigen, 1gG positivity levels were
61%, 27% and 25% at 1 month, 3 months and 6 months respectively (Dalby et al., 2005). However, this
antigen gave much greater cross-reactivity, with samples from those with diagnosed E. coli, Y.

enterocolitica, Campylobacter species, and H. pylori giving 1gG positivity values of 50%, 95%, 45% and
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80% respectively (Dalby et al., 2005). These results suggest that whilst in some people antibody
responses are maintained for over a year after infection, there could be significant cross-reactivity
between Salmonella H and O antigens and other gut infections. It would be worthwhile carrying out
the ELISA used in Figure 3.14 on the samples used in this thesis to look at aggregation over time, to see
whether the antibody levels of those particular samples remained stable. Furthermore, delving into
the ELISA assay further to begin to establish which parts of the bacteria the antibodies are binding to
could help provide information on whether the antibodies are truly Salmonella specific, or cross
reactive. One way of investigating this could be to use serum pre-absorbed with other bacteria, for
example E. coli, and see whether this then reduces the level of antibodies measured in the Salmonella
ELISA assay. This is important to establish, as it has implications for whether the higher levels of
antibody required to cause platelet aggregation are only seen in those who have had previous

Salmonella infection, or are present in people who have had other bacterial gut infections.

One result that caused challenges whilst working on this thesis was the differences in platelet
responses depending on the type of preparation used, especially when resuspending platelets in PPP.
Figure 3.12 shows that traditional agonists TRAP-6 and CRP cause higher levels of platelet aggregation
in PRP than in washed platelets resuspended in Tyrode’s buffer. This makes sense due to the additional
plasma proteins in PRP, such as fibrinogen, which will enhance the platelet aggregation process.
However, upon resuspending platelet pellets in PPP, difficulties begin to emerge, with no or strongly
reduced responses seen to TRAP-6, CRP and STm SL1344. Current guidelines state that tests using PRP
should not be adjusted to a standard platelet concentration (Cattaneo et al., 2013), as diluting with
PPP can artifactually inhibit the platelet aggregation (Cattaneo et al., 2007). The reason for this is not
well studied, but has been suggested to have some involvement of ADP, which quickly desensitises the
P2Y: ADP receptor. Normally contained within platelets and red blood cells, ADP is thought to be
released during the high speed centrifugation used to obtain PPP, like it can be during shear stress

(Alkhamis et al., 1988) . Indeed, a study that looked at the activation of platelets harvested from
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different levels of the centrifuge tube found that those closest to the red cell layer were less able to
aggregate than those furthest away (Aursnes and Vikholm, 1984). Removal of ADP from the system
stopped any inhibition based on proximity to the red cells, suggesting the mechanical stress placed
upon the red blood cells was causing release of ADP, leading to desensitisation of the platelets (Aursnes
and Vikholm, 1984). Interestingly, the Cattaneo (2007) study that diluted PRP with PPP utilised apyrase
to see whether breaking down the ADP helped stop the PPP-induced inhibition, but this only prevented
a minor amount of inhibition, suggesting other factors are involved. One of these could be nitric oxide,
which is typically released by endothelial cells to prevent unwanted platelet aggregation (Vallance and
Chan, 2001). However, it can also be produced by red blood cells upon increased levels of shear and/or
mechanical stress (Ulker et al., 2009, Ulker et al., 2011), so could potentially be released by red blood
cells during the 1000 g centrifugation to obtain PPP. However, with an in vivo half life of just seconds
(Thomas et al., 2001), increasing up to ~500 seconds in vitro (Hakim et al., 1996), it is debatable
whether this would last long enough in PPP to have any effect on the platelets. Regardless of the
mechanism, Figure 3.12 clearly shows that resuspending washed platelets made with the normal
washed platelet prep in PPP does not allow any significant platelet aggregation to occur upon
stimulation with the agonists tested. However, upon isolating the platelets using an ADP-sensitive
preparation and then resuspending in PPP, a better aggregation response is seen, especially with
stimulation by CRP, which gave results analogous to those in PRP. There are multiple reasons why this
could be. Firstly, after the spin to obtain PRP, the ADP-sensitive preparation has only one more
centrifugation step compared to two in the normal preparation, and this step is at 50% lower speed
compared to the normal preparation. This gentler preparation will naturally help the platelets
desensitise less. The wash step/s are also different — in the ADP sensitive preparation the pellet is not
resuspended, rather the surface is gently washed instead. Again, this more gentle protocol exerts less
force on the platelets, reducing chances of desensitisation. Finally, both the wash and resuspension

buffer, or PPP, if that is being used to resuspend, have the addition of 0.01 U/ml grade VIl apyrase. If
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any of the centrifugation steps are causing the release of extra ADP from red blood cells, then this
apyrase can break down the ADP, stopping the desensitisation of the platelets. When optimising the
ADP-sensitive protocol preparation, two different grades of apyrase were used —grade lll, at 0.05 U/ml,
and grade VII, at 0.01 U/ml. Platelet aggregation was only observed when using the grade VIl apyrase,
likely because the grade Ill apyrase has a 10x larger ATPase to ADPase ratio than the grade VII, making
grade Ill more potent in ATPase activity, and grade VIl more potent in ADPase activity (Vigne et al.,
1998). Unfortunately, the Cattaneo paper (2007) does not state which grade of apyrase was used, but

it would perhaps explain the lack of rescue observed using apyrase if it was grade lll.

In comparison to the results of Arman et al (2014), who tested the ability of Gram positive bacteria S.
sanguinis, S. aureus, S. gordonii, S. oralis and S. pneumoniae to aggregate platelets, the findings in this
thesis for STm aggregation have multiple differences. Firstly, in Arman et al. (2014), aggregation
occurred upon addition of 100pg/ml higG in 4/5 strains tested in washed platelets, which | was unable
to carry out successfully with STm. Interestingly, for the fifth strain tested, S. pneumonia, aggregation
was unsuccessful in 3/5 donors upon addition of higG and fibrinogen, either suggesting another plasma
component is involved, or perhaps that the level of antibody against S. pneumoniae in the higG was
on the borderline for causing aggregation. | hypothesise that with S. oralis, S. gordonii, S. aureus and
S. sanguinis being commensal microbes, sufficient levels of antibodies against them were found in the
pooled hlgG. For S. pneumoniae, whilst it can be commensal, one paper estimated nasal carriage
prevalence at just 2.9% in a study throughout nine european countries (Yahiaoui et al., 2016), meaning
it is likely that there were significantly fewer anti-S. pneumoniae antibodies in the higG than for the
other bacteria. It follows that with Salmonella not being commensal, and not routinely frequently
encountered in western countries, that levels of anti-Salmonella antibody in the higG could be

minimal, meaning the antibody levels in the pooled higG were insufficient to allow aggregation.
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Furthermore, in the Arman paper, for 3/4 bacteria that activated washed platelets, addition of
fibrinogen as well as hlgG was able to reduce the lag time and increase maximum aggregation levels
compared to using higG alone. For STm, fibrinogen addition did not have as large an affect as for S.
aureus, S. gordonii and S. oralis, but this is likely because the dose of 100ug/ml STmIgG used already
caused swift, maximal aggregation, not leaving enough room for fibrinogen to enhance the response.
| propose that by adding fibrinogen when lower doses of STmIgG are used, such as <25ug/ml,
fibrinogen would be more likely to have an enhancing effect. Alternatively, it could be that the
fundamental structural differences in cell structures of Gram positive and Gram negative bacteria are

causing these differences.

Finally, Arman et al showed that addition of PF4 to the washed platelet assay reduced the lag time
observed, along with the addition of low dose heparin to PRP, showing PF4 was able to modulate the
bacterial-induced platelet aggregation, something | did not observe with STm. Again, it could be due
to the structural differences between Gram positive and negative cell walls, or that if using the STmlgG
at lower doses, perhaps PF4 would be able to enhance the non-maximal responses seen. This would
fit with the data in Figure 3.19 that shows inhibition of responses with high dose heparin, which could
be binding the PF4 and scavenging it away from the bacteria, reducing aggregation responses.
However, the results of the PF4-IgG ELISA in Figure 3.21 appear to contradict this. With 12/13 donors
not having detectable IgG antibodies to the neoepitopes produced when PF4 binds polyanions, how
could PF4 be enhancing the aggregation? The 7.7% positivity rate for anti-PF4 IgG antibodies in my
donor population mirrors that seen in larger studies, with 6.6% positivity for total IgGAM in a study of
3795 healthy donors (Hursting et al., 2010) and 6.1% IgG positivity in a study of 4029 healthy donors
(Krauel et al., 2011). The proposition by Greinacher is that PF4 binding to bacteria allows antibodies to
recognise the negative charge, allowing activation of the adaptive immune system before specific anti-
bacterial antibodies have been made. Therefore, if 95% of the general population do not have these

when measured in the anti-PF4 ELISA, it is difficult to understand how PF4 could be reducing platelet
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lag times in vitro as seen in Arman et al. Interestingly, Buka et al (2024) showed PF4 alone can activate
platelets in a donor dependent manner at doses of 10 pug/ml and above. Arman et al used 20 pg/ml
PF4, so the decreased lag time observed could be due to the effects of PF4 directly. There could also
be other mechanisms, or other changes that happen to the bacteria upon binding to PF4 that enhance

the aggregation which have not yet been discovered.

The use of STm 14028 O-antigen mutants showed that aggregation responses generally change from
strong to weak upon deletion of most or all of the O-antigen repeats. However, all donors were still
able to respond weakly to the strains with no O-antigen. Research into the role of LPS in platelet
aggregation assays has shown that whilst LPS is unable to cause platelet aggregation on its own (in
both PRP and washed platelets), it can enhance aggregation responses to subthreshold levels of
common agonists such as thrombin, CRP and U46619 (Koessler et al., 2019, Zhang et al., 2009, Lopes
Pires et al., 2017). This appears to fit with the 14028 mutant results — in the majority of donors, without
the O-antigen, STm could induce a small amount of aggregation. This could be caused by other surface
proteins on the STm membrane, where perhaps the copy number is not high enough to trigger full
aggregation. With the aid of the O-antigen however, this initial small amount of aggregation could be
being enhanced to give the strong aggregation seen to the WT 14028 in most donors. Interestingly,
using the AtolR mutant, which causes membrane instability leading to the release of many outer
membrane vesicles (OMVs), caused the aggregation lag times to reduce. The OMVs could potentially

be providing more opportunities or surface-area for antibody-antigen complexes to cross-link FcyRIIA.

To conclude, this chapter has shown that STm can induce platelet aggregation in a donor dependent
manner, related to the amount of anti-STm antibody an individual has. However, there are limitations
in the methods carried out here. Firstly, aggregation assays are inherently non-physiological. Only
involving platelets and (sometimes) plasma removes the important contributions of other blood cells.

For example, neutrophil extracellular traps (NETs) are known to affect platelet aggregation and
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thrombus formation (Zhou et al., 2022). In the STm mouse model, NET markers are seen in thrombi,
(Beristain-Covarrubias et al., 2019a), and in vitro, mouse neutrophils form NETs upon the addition of
STm (M. Perez-Toledo, 2023, personal communication, 23 November), but the impact of neutrophils
are excluded during aggregation experiments. Whilst stirring is carried out, aggregations do not
accurately mirror the effects of shear stress in the blood vessel, and any interactions with endothelial
cells are missed. Furthermore, in order to see aggregation, a standard dose of 1 x 108 CFU was used,
and whilst this was able to be reduced to 3.3 x 107 CFU in Figure 3.22, and is in line with the magnitude
of doses used in other bacterial aggregation studies, this is still a very high dose compared to what

would be seen in vivo.

Therefore, in order to more physiologically model the effects of STm on platelets, | carried out blood
flow experiments over endothelial cells whilst on placement at the Royal College of Surgeons in Ireland.

This work is detailed in the next chapter.
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CHAPTER 4: SALMONELLA IN THE VASCULATURE: INTERACTIONS

BETWEEN LIVE BACTERIA, ENDOTHELIAL CELLS AND PLATELETS

4.1 Introduction

While the last chapter focussed on the interactions between STm and platelets alone under the stirring
conditions of an aggregometer, in the blood stream STm will come into contact with white and red
blood cells, as well as the endothelial cells (ECs) lining the blood vessel. Furthermore, all of these take

place in the context of the shear stress exerted by the blood flow through the vessels.

4.1.1 Pathogen-endothelial cell interactions

The barrier formed by ECs is vital in regulating homeostasis, with problems quickly arising upon
disruption of this barrier. For example, leakage via damaged vascular barriers can cause oedema, a
telling feature of sepsis (Goldenberg et al., 2011). In healthy ECs, the expression of VE-cadherin is
critical for prevention of vascular leakage and leukocyte emigration. However, movement of VE-
cadherin from the endothelial cell membrane to the cell interior leads to gaps between cells, increasing

vessel permeability (Lee and Slutsky, 2010).

In vitro models of infective endocarditis (inflammation of the endothelial lining inside the heart) have
allowed the effects of bacterial binding to human aortic endothelial cells (HA0ECs) to be characterised
at the protein level. S. aureus, E. coli and SARS-CoV-2 can all cause internalisation of HAOEC VE-
cadherin leading to increased endothelium permeability and cell apoptosis (McDonnell et al., 2016,
McHale, 2018, Nader et al., 2021). The integrin avB3 has been identified as a key binding protein for
these interactions, with S. aureus clumping factor A protein able to bind avp3 using fibrinogen as a
bridging molecule (McDonnell et al., 2016). Expression of avp3 is significantly increased when ECs are
exposed to TNF-a, as they would be during the inflammatory response to the bacteria, further

increasing bacterial binding. Similar findings have been shown in E. coli, for which OmpA is the key
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protein that adheres to avB3 (McHale et al., 2018), and SARS-CoV-2, which likely binds avp3 via its

spike RGD motif (Nader et al., 2021, Nader and Kerrigan, 2022).

The interaction of pathogens with ECs affects vessel homeostasis in multiple ways: the binding to EC
receptors can activate the cells, leading to secretion of granules and cytokines, and it can also cause
apoptosis of the cells, leading to gaps in the endothelium and vessel leakage (Kerrigan et al., 2019).
Both of these results can cause platelet aggregation and secretion (or indeed enhance platelet
activation already triggered by pathogen-platelet interactions). For example, secretion of EC Weibel-
Palade bodies results in VWF deposits on the cell surface, engaging platelets and leading to thrombus
formation. Furthermore, EC apoptosis and cell-cell detachment leads to exposure of the
subendothelial matrix, where components such as collagen, fibronectin and tissue factor also trigger

platelet aggregation and thrombus formation/stabilisation.

4.1.2 Pathogen-platelet interactions under flow conditions

In the previous chapter, platelet aggregation was measured with stirring at 1200 rpm, but this does
not mimic the shear stress forces found in the blood vessels. Levels of shear stress have been shown
to affect platelet bacterial interactions: for example, at shear rates of <500 s, platelets do not interact
with S. aureus, but at >800s™ aggregates form rapidly (Kerrigan et al., 2008). In the case of S. oralis,
single platelets are able to adhere to the immobilised bacteria at shear rates of 505, with the number
of platelets interacting increasing at shear rates increase. At higher shear rates (200s* and 800s?),

platelet microaggregates are able to form (Tilley et al., 2013).

4.1.3 Chapter aims

Taking into account the impact shown above of ECs and flow conditions, the aim of this chapter was
to explore the platelet-Salmonella interactions observed in chapter 3 under more physiologically

relevant conditions, to:
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a) Identify whether Salmonella can interact with ECs, and explore possible plasma and/or
bacterial components involved in the interaction
b) Investigate platelet interactions with Salmonella under venous and arterial flow conditions

c) Investigate platelet interactions with Salmonella-primed ECs under flow conditions

This work was carried out on a 3.5 month placement in the lab of Prof Steve Kerrigan at the Royal
College of Surgeons in Ireland. It was funded through a grant from Boehringer Ingelheim supported by

the University of Birmingham.
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4.2 Results

4.2.1 Investigating the interactions between Salmonella and endothelial cells

4.2.1.1 Plasma increases binding between endothelial cells and Salmonella

Many pathogens are known to interact with the endothelium upon systemic infection, including
Bartonella species, Candida albicans and S. aureus (Obino and Duménil, 2019, McDonnell et al., 2016).
In the Kerrigan lab, work focusses on bacterial-EC interactions relevant to infective endocarditis, using
human aortic endothelial cells (HAOECs). To assess whether interactions occur between STm and
HAOECs a binding assay was carried out. Briefly, this involved plating bacteria, adding static HAOECs on
top, leaving to adhere, and washing off unbound cells. Remaining bound HAoECs were then lysed and

a colorimetric substrate used to measure relative EC levels.

As shown in Figure 4.1A, S. aureus, (chosen as a positive control due to being well characterised and
commonly used by the Kerrigan lab) binds well to the tissue culture plates used in the lab protocol.
However, STm SL1344 failed to bind well to these plates, with the majority of bacteria washing off. To
solve this issue, the assay was attempted using different types of plate. Nunc Maxisorp plates were
chosen for use going forward as they provided a surface to which the STm SL1344 bound to a

comparable level to S. aureus (Figure 4.1A).

Previous work from the Kerrigan lab using sheared HAoECs showed binding between S. aureus and
HAOECs is increased when the HAOECs are treated with TNF-a and platelet poor plasma (PPP)
(McDonnell et al., 2016). As seen in Figure 4.1B, STm SL1344 binds to the HAoECs, but binding levels
are not increased upon treating the HAoECs with TNF-a. However, the presence of PPP led to a
significant increase in binding, with almost double the amount of HAoECs attaching to the STm. To
assess which components of plasma were important in mediating the increase, assays were carried
out using physiological levels of fibrinogen or pooled human IgG in place of plasma. Both were able to

cause binding to a similar level as the whole plasma (Figure 4.1C). However, it must be noted that
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fibrinogen preparations can be contaminated with 1gG (S.W. Kerrigan, 2022 personal communication,
21 October) making it difficult to assess whether the result seen for fibrinogen is due to fibrinogen

itself, or unwanted IgG present in the product.

4.2.1.2 Binding between Salmonella and endothelial cells remains consistent between lab and
clinical strains and is unaffected by Omp knock-outs

With the knowledge that plasma increases binding between STm SL1344 and HAoOECs, the assay was
used to investigate the binding of further Salmonella strains. As used in chapter 3, the lab attenuated
‘grand-daughter’ strain of SL1344, SL3261, was tested, along with the invasive clinical isolate D23580.
A further clinical isolate, a Salmonella Enteritidis strain (D24964) was also tested. There were no

significant differences in binding between the four strains (Figure 4.2A).

In the case of E. coli, knocking-out the outer membrane protein A (OmpA) significantly reduced the
ability of the bacteria to bind to HAoECs (McHale et al., 2018). To assess whether this was true of STm-
HAoEC interactions, the available SL1344 Omp knock-out strains, OmpA, OmpD and OmpR, were used.
OmpA has roles in protecting from host-induced stress, therefore aiding the virulence of Salmonella
(Chowdhury et al., 2022), OmpD is the most abundant STm porin (Ipinza et al., 2014), and OmpR is
involved in the regulation of the type Ill secretion system (Lee et al., 2000) and acid tolerance (Bang et
al., 2000). None of the knock-outs showed any significant difference in binding compared to the wild

type STm SL1344 (Figure 4.2B).
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Figure 4.1: Plasma increases binding between endothelial cells and Salmonella A) Optimisation
of binding assay. 1 x 107 CFU S. aureus or 1 x 108 CFU STm SL1344 were added per well. Bacteria
were incubated at 37°C for 2 hours to adhere to plate, before 3x PBS washes. Images were taken
after PBS washes to assess bacterial binding. Scale bar = 40um. n =1. B) 1 x 108 STm SL1344/well
were seeded and incubated at 37°C for 2 hours to adhere, with an additional 30 minute
incubation with PPP where indicated. Where indicated, endothelial cells were incubated with 10
ng/ul TNF-o for 4 hours at 37°C. 2.5x10* endothelial cells/well were added to the bacterial wells
and incubated for 2 hours to allow adherence. Unbound cells were washed off, pNPP lysis buffer
was added and incubated for 2 hours, before plate was read at 405nm as a measure of relative
levels of endothelial cells bound to the bacteria. C) As B, with bacteria either incubated for 30
minutes with PPP, 4mg/ml fibrinogen or 0.1mg/ml pooled human IgG. n > 6. Colours show
different biological repeats (each average of 3 technical repeats) Bar = mean + SEM (each point is
average of 3 technical repeats). ** = p < 0.005, one-way repeated measures ANOVA with
Dunnett’s multiple comparisons test.
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Figure 4.2: Binding between
Salmonella and endothelial cells
remains consistent between lab and
clinical strains and is unaffected by
A B Omp knock outs. A) ~1x 108
0.207 0.15+ Salmonella (STm strains = SL1344,
° SL3261 and D23580; S En = Salmonella
0.154 1 i. e  Enteritidis D24954) were seeded and
P incubated at 37°C for 2 hours to
adhere, followed by 30 minutes
incubation with PPP. 2.5x10*
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0.054 the bacterial wells and incubated for 2
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x x x x x x x x hours, before plate was read at 405nm
as a measure of relative levels of
VO vo > endothelial cells bound to the
g > N . . .

N bacteria. B) As A, with all bacterial
strains different Omp knock-outs of
SL1344. n = 3. Bars = mean, + SEM
(each point is average of 3 technical
repeats).
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4.2.1.3 Salmonella infection causes breakdown in endothelial cell junctions

When culturing HAOECs, cells can be sheared to mimic the physiological conditions of blood vessels
(McDonnell et al., 2016). Staining for adherens protein VE-cadherin highlights the different
characteristics HAOECs exhibit when grown statically or under shear stress at 10 dyn/cm? for 24 hours.
Statically grown HAOECs appear in random orientations, with a lack of VE-cadherin expression (Figure
4.3Ai), whereas sheared HAoOECs align in the direction of flow, elongate, and upregulate their VE-

continuous barrier, vital for normal blood vessel function.

Upon infection, the endothelial barrier can be damaged. For example, infecting HAoECs with
multiplicity of infection (MOI) 400 S. aureus for 24 hours leads to reduced VE-cadherin staining, an
increase in cell detachment and increase in permeability (McDonnell et al., 2016). The same was also

reported when infecting with SARS-CoV-2 (MOI 0.4) (Nader et al., 2021, Nader and Kerrigan, 2022).
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To test whether STm could induce similar effects, HAOECs were pre-treated with PPP, followed by MOI
10 or MOI 40 for 2 hours. At MOI 10, breakdown of the endothelial barrier can be seen, with gaps
appearing between the cells, and the loss of the clear elongated cell morphology (Figure 4.3Bii). At
MOI 40, as well as gaps, reduced expression of VE-cadherin at the cell periphery can be observed

(Figure 4.3Biii).
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Figure 4.3: Salmonella infection causes breakdown in endothelial cell junctions. Immunofluorescence of
human aortic endothelial cells (HAoECs) stained for VE-cadherin (green) and DNA (blue). Ai) Staining of static

HAOECs. Aii) Staining of HAoECs sheared at 10 dyn/cm2 for 24 hours. Aiii) Quantification of VE-cadherin

staining carried out in Image J. t-test carried out, * = p < 0.05. Bi) HAoECs sheared at 10 dyn/cm2 for 24 hours
then treated with PPP for 30 minutes. Bii) As per i, with HAOECs incubated with multiplicity of infection (MOI)
10 of STm SL1344 for 2 hours prior to staining. Biii) As per ii, with MOI 40. Scale bars = 40um. White arrows
show gaps appearing between the ECs. Red arrow shows lack of VE-cadherin staining at cell periphery.
Representative images from n = 3.
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4.2.2 Investigating platelet adhesion to Salmonella under physiological flow conditions

4.2.2.1 Optimising assay conditions for whole blood flow over Salmonella

To assess the binding of platelets to STm under flow conditions, Ibidi chambers were coated with STm,
and blood containing DiOCg stained platelets was flowed across at a shear rate of 275s, representing
venous shear. However, despite using the same concentration of DiOCs for platelet staining as in
previously published assays with S. aureus (Kerrigan et al., 2008) and S. oralis (Tilley et al., 2013), it was
unclear whether the staining seen in preliminary tests was platelet-specific. To test this, DiOCs in PBS
was flowed over STm SL1344, which showed ~50% of the STm were taking up the dye (Figure 4.4A),

rendering it unsuitable for use as a platelet stain.

Instead, the fluorescent probe Near Infrared BF2-azadipyrromethene (NIR-AZA) was used to stain the
platelets. This dye non-specifically binds to plasma membrane and cytosol (Fitzpatrick et al., 2022),
and once taken up is prevented from crossing back out over membranes due to its poly(ethylene-
glycol) group. Figure 4.4B shows whole blood containing NIR-AZA stained platelets flowed over STm
SL1344, and it is clear that with this dye the STm remain unstained, so NIR-AZA was used to stain

platelets for all future assays.

It is worth noting that the work in Figure 4.4 was being carried out in parallel to that of section 4.2.1.1
(Figure 4.1A), optimising the plate surfaces for the binding of STm SL1344. Similarly to the static assay,
the lbidi chambers used initially were tissue culture treated, which STm SL1344 did not bind well to,
hence the sparse bacterial coverage in Figure 4.4. For future experiments with STm, uncoated lbidi

chambers were used, which provided improved bacterial coverage.
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L

Figure 4.4: Optimising assay conditions for whole blood flow over Salmonella. A) ~5 x 106 CFU STm SL1344
were used to coat IbiTreat p-slide chamber. PBS with 1uM DiOCs was flowed over at 275s! for 1 minute
before washing with PBS and imaging. B) As A, but this time whole blood stained with 5uM NIR-AZA was
flowed over STm. Scale bars = 20um. n = 1.

4.2.2.2 Platelets adhere to immobilised Salmonella under venous shear

With the plastic surface for STm adhesion and the platelet stain issues resolved, assays were carried
out flowing platelet-stained whole blood over STm at venous shear. Platelets did not adhere to the
BSA-blocked control surface (Figure 4.5A), but did adhere to STm SL1344 (Figure 4.5B), with the
number of platelets interacting increasing as time went on (Figure 4.5C). By 200-300s, microaggregates
had begun to form (Figure 4.5B). Interestingly, it was observed that platelets were able to roll along
the STm surface, before either adhering, or being carried out through the flow system. This is
demonstrated in Figure 4.5D, where the yellow circle highlights well-adhered platelets, and the red
circle highlights a slow rolling platelet that appears in the field of view, rolls and then disappears from

the field of view over the course of 50 s.
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Figure 4.5: Platelets adhere to
immobilised Salmonella under venous
shear. A) Whole blood containing
platelets stained with 5uM Nir-AZA dye
was flowed over BSA blocked untreated

Ibidi p-slide chamber at 2755-1for 5
minutes. B) As A, with chamber coated

with 5 x 10° CFU STm SL1344. Red
arrows show examples of platelet
microaggregates C) Quantification of B,
where images were taken every 10
seconds for 5 minutes. D) Further
images from B demonstrating some
platelets sticking over time (yellow
circle) and others flowing in, rolling,
then moving off (red circles). A/B
representative images fromn =2; C/D
n = 1. Scale bars = 20um.



4.2.2.3 Unidentified cells adhere to immobilised Salmonella under venous shear

Whilst carrying out the experiments in section 4.2.2.2, it was noted that cells other than platelets were
binding to the STm. Figure 4.6A shows the cells whilst PBS was being run through the system (to allow
easier distinction between cells that are adhered and cells that are flowing over the top). In order to
identify these cells, the PBS was spiked with DAPI. The adhered cells did not stain with DAPI, perhaps
suggesting they are red blood cells. Figure 4.6B shows the unidentified cells without shear forces being
exerted. Measuring these cells gives an average diameter of approximately 6.9uM, in keeping with the

diameter of red blood cells (Hoffbrand and Steensma, 2019).
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Platelets

Platelets

Figure 4.6: Unidentified cells adhere to immobilised Salmonella under venous shear. A) Untreated Ibidi u-slide
chambers were coated with 5 x 10% CFU STm SL1344. Whole blood containing platelets stained with 5uM NIR-
AZA was flowed over at 275s* for 5 minutes. PBS spiked with DAPI stain was flowed through to wash, and images
taken whilst PBS flow was continuing for clarity as to which cells were bound. B) As per A, with images taken
after PBS wash, with no flow force. Scale bars = 20um. Images are representative from n = 2.
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4.2.3 Investigating platelet adhesion to Salmonella primed endothelial cells under flow

4.2.3.1 Platelets adhere to Salmonella primed endothelial cells at venous shear
Sections 4.2.1.1 and 4.2.2.2 have shown that in static experiments, STm can interact with HAoECs, and
under flow platelets can interact with STm. The next experiments were designed to investigate the

next step in complexity, assessing the three components in the same system.

Preliminary experiments used the platelet-stained whole blood spiked with mCherry labelled STm
SL1344, but little platelet activation was seen. Instead, the approach taken was to prime the HAoECs
with STm, by flowing STm in PBS over the cells for 2-3 minutes. Any unbound STm was then washed

away, before whole blood was flowed through, washed, and imaged.

As shown in Figure 4.7 (top two panels), at venous shear rates, when the HAOECs are not primed with
STm, few platelets adhere to them. Flowing through mCherry labelled STm confirms visually the results
in Figure 4.1, showing binding interactions between HAoECs and STm (Figure 4.7, bottom two panels,
Salmonella). After this priming with STm, when whole blood is flowed through, platelet adhesion
increases, with many single platelets seen adhering to the HAoECs (Figure 4.7, bottom two panels).
Some microaggregates have formed, as indicated by the white arrows in the figure. Therefore, not only
can STm bind to HAOECs under venous shear, the results of this interaction are able to cause platelet

activation, leading to microaggregate formation on the HAoECs.
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Figure 4.7: Platelets adhere to Salmonella primed human aortic endothelial cells at venous shear. IbiTreat p-
slides were coated with 80,000 sheared HAOECs per channel. Where indicated, 1 OD (1 x 10% CFU/ml) STm
mCherry SL1344 was flowed across HAOECs at 275s. After washing out unbound bacteria, whole blood
containing platelets stained with 3.3uM NIR-AZA was flowed over at 275s! for 5 minutes. Unbound cells were
washed using PBS and images taken. Scale bars = 20um. Images representative of n = 3.

1 OD Salmonella
(20x) — Donor 1

1 OD Salmonella
(63x) — Donor 2
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4.2.3.2 Platelets adhere to Salmonella primed endothelial cells at arterial shear

To test whether interactions were different at higher shear rates, the same experiment was performed
with blood flowed at a shear rate of 800s?, representative of arterial shear. Similarly to the
observations at venous shear, without STm priming, few platelets were able to firmly adhere to the
HAOECs (Figure 4.8, top two panels). Interestingly, at the higher shear rate, less of the STm remain
adhered to the HAOECs (Figure 4.8, bottom two panels, Salmonella), with most washing out, suggesting
the binding strength between the two was not strong enough to withstand the higher shear forces.
Platelets were still able to bind to the HAoECs, but tended to be arranged in vertical lines aligned with
the direction of flow (Figure 4.8, bottom two panels). While these results show differences at venous
and arterial rates of flow, the results cannot be directly compared as the arterial flow assay was carried
out for three minutes compared to five minutes for venous flow due to the greater amount of blood

required.

4.2.3.3 Platelets adhere at sites distal to bacteria at both venous and arterial shear

The 63x images shown in Figure 4.7 and 4.8 show that the platelets are adhering to the HAoECs at sites
distal to bound STm at both arterial and venous rates of shear, rather than to the bacteria themselves
(Figure 4.9). This is an interesting finding, as chapter 3 shows that STm is able to cause platelet
aggregation due to indirect interactions, and Figure 4.5 shows platelets binding to STm under flow, but
here we observe the platelets appear to preferentially bind to the primed HAOECs compared to the
STm. The images also reveal possible areas of improvement for the assay, with examples of unstained
platelets highlighted in white circles, and an example of an unadhered and/or possibly apoptotic

HAOEC circled in blue (Figure 4.9). Solutions to these problems are explored in the Discussion.
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Figure 4.8: Platelets adhere to Salmonella primed human aortic endothelial cells at arterial shear. IbiTreat p-
slides were coated with 80,000 sheared HAoECs per channel. Where indicated, 1 OD (1 x 108 CFU/ml) STm
mCherry SL1344 was flowed across HAOECs at 275s. After washing out unbound bacteria, whole blood
containing platelets stained with 3.3uM NIR-AZA was flowed over at 800s™ for 3 minutes. Unbound cells were
washed using PBS and images taken. Scale bars = 20um. Images representative of n = 2.
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Figure 4.9: Platelets adhere at sites distal to bacteria at both venous and arterial shear. Enlarged images from
Figures 4.7 and 4.8. Briefly, 1 x 108 CFU/m| STm mCherry SL1344 was flowed across HAoECs at 275s? then
washed. Whole blood containing stained platelets was then flowed through at either 275s (venous) or 800s™
(arterial) shear. Red arrows show mCherry labelled STm SL1344. Magenta = platelets. White circles show possible

unstained platelets. Blue circle shows example of unbound and/or dead HAOEC. Scale bars = 20um. Images
representative of n = 2.
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4.3 Discussion

The results in this chapter show that Sa/monella Typhimurium can bind to HA0ECs, and lead to loss of
VE-cadherin staining and cell-cell detachment of the endothelial layer. Under flow conditions, platelets
can roll along STm and adhere, leading to microaggregate formation. When assessing STm, ECs and
platelets in combination, platelets are able to adhere to STm primed ECs at both venous and arterial

shear, and appear to do so at sites distal to bacterial binding.

The first aim in this chapter was to identify whether STm interacts with HAOECs. The assay used
confirmed binding interactions between STm and ECs, and showed that the addition of plasma to the
system increases the binding between the two. The components responsible for this increase appear
to be IgG and potentially fibrinogen, although it is difficult to assess the contribution of fibrinogen as
the preparations can be contaminated with 1gG (Brennan et al., 2009, Pietrocola et al., 2005, Arman et
al., 2014). To rectify this, experiments using fibrinogen depleted of any IgG using a protein A column

could be carried out.

Whilst this assay was used to assess relative binding, other binding assays allow quantification of the
bacterial binding to HAoECs. As shown in McDonnell et al (2016) and McHale et al (2018), by coating
the plate with HAOECs then adding SYBR Green-I labelled bacteria, quantification is enabled. This was
attempted with STm SL1344, but STm was unable to be successfully labelled with SYBR Green-I. As a
possible solution, mCherry labelled STm was obtained, but unfortunately, the excitation/detection
system on the plate reader was not strong enough to identify the signal from the fluorescent label.
However, as seen from Figure 4.7, the mCherry signal can clearly be detected by microscopy, so future
work could involve measurement via microscopy instead of using a plate reader. There was insufficient

time during my secondment in the Kerrigan lab to investigate this further.

The assay proposed above has the further advantage of using sheared HAoECs, which are more

physiologically representative than static cells. As well as the stark differences in cell morphology (as
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can be seen in Figure 4.3Ai,ii), static and sheared ECs have different gene expression profiles - proteins
such as ion channels, GPCRs and integrins are upregulated in sheared ECs over static ECs (Chen et al.,
2001, Garcia-Cardefia et al., 2001, McCormick et al., 2001). These differences are accentuated further
upon stimulation of sheared cells with the pro-inflammatory cytokine TNF-a, with additional gene
expression changes induced (Chiu et al, 2005), and the level of certain TNF receptors and associated
factors being increased under shear (Chu and Peters, 2008). When assessing S. aureus binding to
HAOECs, over twice the number of bacteria bound TNF-a and PPP treated sheared HAOECs than static
HAOECs (McHale, 2018). The binding assay carried out in this chapter used static HA0OECs, and binding
to STm SL1344 did not increase upon addition of TNF-a. It would be of interest to see whether this
result differed with the use of sheared cells, and whether the use of sheared cells affected binding of
the Omp knock-out strains, especially that of OmpA. E. coli Omp A binds to sheared HAOECs via the
aVB3 integrin (McHale et al., 2018), and shares 95% sequence identity with STm SL1344 OmpA (as
measured using Cluster Omega with sequences AOA718QEA6_SALTS and AOA085P3U1 ECOLX). In
bovine aortic ECs, although shear stress did not increase the total amount of avp3, it did appear to
increase the amount of high affinity avB3 (Tzima et al.,, 2001), which could potentially increase

bacterial binding to the WT SL1344.

The immunofluorescence assay showed that upon incubation with STm, gaps start to appear between
HAOECs, and the expression of VE-cadherin decreases at the cell periphery. MOI 10 and MOI 40 were
used as a starting point, but it would be of worth to see how much lower the MOI could be taken whilst
still causing endothelial damage. A study of the blood cultures of 158 iNTS cases in Malawi showed
that the viable Salmonella load in blood was 1 CFU/ml (IQR 0.33-5.33 CFU/ml) (Gordon et al., 2010),
so reducing the MOI used in the assay would perhaps provide more physiologically relevant results.
Having said that, the demonstration in this thesis that STm can bind to HAoECs raises the interesting
guestion as to how relevant blood culture results are for measuring the amount of bacteria found in

the vessels. There could potentially be much higher amounts of bacteria in the blood vessels, which
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are unable to be detected via blood culture as they are already bound to the ECs. As well as reducing
the MOI used in the assay, one could increase the time the HAOECs are incubated with STm. In studies
looking at S. aureus and SARS-CoV-2 (McDonnell et al., 2016, Nader et al., 2021), 24 hour incubations
were carried out rather than the 2 hour incubation used in this thesis. These studies also assessed the
impact of infection on the permeability of the endothelium, as well as measuring levels of apoptosis in

the ECs, all of which could be carried out to help characterise the responses occurring to STm.

Investigating the effects of venous shear on platelet adherence to STm revealed platelets can roll along
STm and adhere, with the formation of microaggregates. Interestingly, in studies on other bacteria,
the level of shear stress impacts how platelets interact with the bacteria. Platelets do not interact with
S. aureus at low shear rates, but do at high shear (Kerrigan et al., 2008), whereas the opposite response
is seen when flowing platelets over S. gordonii (Kerrigan et al., 2007) or S. sanguinis (Plummer et al.,
2005). Platelets interact with S. oralis at all shear rates, with increased platelet deposition as the shear
rate increases. Therefore, further studies on whether the rate of shear has different effects on platelet
interactions with STm would be useful. Amongst these studies, to further characterise the interactions
occurring under flow, addition of various inhibitors could reveal details of the interactions taking place
between platelets and STm. For example, platelet rolling on S. oralis was shown to be mediated by
GP1lba - the use of anti-GP1ba blocking antibodies in the STm assay could reveal if the same
mechanism is occurring. Furthermore, it would be interesting to take the findings from chapter 3 to
see whether the mechanisms occurring in the aggregation set-up correspond with the mechanisms
under shear — for example whether use of Fab 1V.3 inhibits binding, and whether addition of anti-

Salmonella antibody causes an increased amount of platelet microaggregates.

The flow experiments also revealed another cell adhering to the STm as well as platelets. The cells did
not stain for DAPI, suggesting they do not have a nucleus and are therefore red blood cells. Their size

and morphology also fit this theory. Haematoxylin and eosin staining would confirm this. There are
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studies that show STm can cause human red blood cell agglutination, which would strengthen the
argument that the unidentified cells are red blood cells. Miyake et al (1998) showed that the
agglutination was likely due to an amino acid sequence contained in OmpF and OmpC that binds
human blood type trisaccharide antigens. An alternative explanation is that Salmonella Typhimurium
type 1 fimbriae can cause haemagglutination by binding to mannose on the red blood cell surface

(Zeiner et al., 2012).

The third aim of this chapter was to investigate platelet interactions with STm primed HAo0ECs under
flow conditions. These experiments showed that platelets adhere to HAoOECs, singly under arterial
shear, but with microaggregates forming at venous shear. The images in Figure 4.9 reveal some
improvements could be made to the assay. Firstly, there appear to be many unstained platelets. For
these assays the concentration of NIR-AZA dye was reduced from 5uM to 3.3uM to conserve supply —
this appears to have had a larger impact on the ability to stain all the platelets than expected. The
HAOECs also do not look particularly healthy —the method used here involved shearing the cells for 24
hours, then harvesting them on the day of the experiment and letting them adhere to the Ibidi
chamber for 4 hours prior to use in the flow assay. However, this means the continuous layers that
would have formed under shear will have been disrupted, leaving the cells to adhere randomly. It can
be seen from the differential interference contrast (DIC) images that the cells do not look to be
uniformly organised, with many gaps between them, and multiple cells looking to have not adhered
well to the chamber surface. In future experiments, HAOECs should be seeded into the chambers, and

then sheared directly in the chambers for 24 hours, as done in McHale (2018).

Thinking further about ECs, the cell characteristics differ between the venous and arterial systems,
with arterial ECs tending to be narrower and more elongated than venous ECs, and adhesion molecules
preferentially expressed on venous ECs over arterial ECs (Simionescu and Antohe, 2006). It would be

interesting to investigate whether shearing the HAoECs at different rates affected the results seen.

117



Furthermore, the use of different types of EC could affect the results seen. One could argue that the
use of HAoECs for studying STm interactions is not ideal, given infectious endocarditis due to STm is
very rare (involved in an estimated 1.6% of iNTS cases (Marchello et al., 2022)). In the STm mouse
model, thrombus formation is seen in certain vascular beds — particularly those of the spleen and liver,
rather than the heart. In the heart, the endothelium forms a continuous layer, in contrast to the spleen
and liver, in which the endothelium is discontinuous, meaning there are pores between the cells, to
allow for particle exchange (Feletou, 2011). Given the basal lamina can be either present or absent in
those gaps between the cells, this could have vastly different impacts on platelet deposition upon

priming with STm.

In the assays carried out in this thesis, venous shear experiments were able to be carried out for five
minutes, but due to the blood volumes involved, arterial shear experiments were only carried out for
3 minutes. To allow better comparisons to be drawn between the effects of the two different shear
rates, the use of the smaller 0.1 Ibidi chambers would use almost 1000x less blood, allowing testing of

more conditions per donor, and the scope to test higher shear rates.

As mentioned for the flow assay looking at platelet-STm interactions, following the results shown in
chapter 3, it would be interesting to see whether the addition of anti-Salmonella antibody to the blood
caused increased platelet adhesion, and whether the inhibition of FcyRIIA had any effect. Interestingly,
the platelets appear to be binding the primed HAoECs, rather than the bound STm. We know from
Figure 4.5 that platelets can bind to STm under flow, but further work would be needed to establish
whether the platelets are being solely activated by the primed ECs, or whether they are activated by
flowing over the bound bacteria which then enhances their likelihood of binding to the ECs. Whilst
platelets start to bind to STm within 100s in Figure 4.5, in the aggregometry assays in chapter 3 the

median lag time for STm SL1344 to cause platelet aggregation was eight minutes. Although the effects
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of shear will affect this length of time, it would be interesting to run the assays for longer than five

minutes to see whether a ‘second-wave’ of platelet activation occurs.

A further interesting point would be to try and encompass the conditions STm would encounter when
trying to replicate in the bloodstream. For all assays presented, STm was grown under static conditions
overnight before two hours incubation at 200 rpm. However, one study has shown that the invasive
STm D23580 strain becomes more pathogenic when grown at physiological shear rates (Yang et al.,

2016). It is unknown whether this would impact on the levels of platelet activation.

In conclusion, there are many factors to take into account when trying to model interactions between
platelets, STm and ECs in vitro. This chapter started to explore the relationships between the three
during a 3.5 month placement at the Royal College of Surgeons in Ireland, and provides scope for future
experiments of differing levels of complexity. Whilst there are still many questions to be answered, it
is promising to be able to show that platelets interact with STm under flow conditions, that STm can
bind to HAOECs leading to damage to the endothelial barrier, and that platelets adhere to HAoECs that

have been exposed to STm.
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CHAPTER 5: THE ROLE OF ANTIBODIES IN COMPLEMENT

RESPONSES TO SARS-CoV-2

5.1 Introduction

During the early months of the SARS-CoV-2 pandemic, the novel nature of the virus meant there was
limited knowledge of how to treat those that became severely ill. Therefore, attention turned to what

could be learnt from previous coronavirus outbreaks.

5.1.1 Complement in SARS and MERS

Prior to the COVID-19 pandemic, there had been two other major coronavirus outbreaks in the 215t
century: those of severe acute respiratory syndrome coronavirus (SARS-CoV) and middle eastern
respiratory virus (MERS). The complement pathway has been implicated in the pathogenesis of both

of these coronaviruses (Gralinski et al., 2018, Jiang et al., 2018).

In a SARS-CoV mouse model, complement components including C3, C4b and Factor B (FB) were
detected in the lungs of wild-type mice from day 1 of infection. In the same model in C3 knock-out
(KO) mice, significantly better outcomes were observed, with reduced weight loss and respiratory
dysfunction, reduced neutrophil and monocyte lung infiltration, as well as lower cytokine and
chemokine levels in both sera and lung tissue. Overall, the C3 KO mice had reduced lung pathology
compared to wild-type, C4 KO or FB KO mice. With C4 KO mice unable to signal through the classical
and lectin pathway, and FB KO mice unable to signal through the alternative pathway, and protection
only being seen KO mice of the downstream component C3, this suggested multiple arms of the

complement pathway were contributing to SARS-CoV pathology (Gralinski et al., 2018).

In a MERS mouse model, serum C5a levels were found to be significantly increased post-infection, and
C5b-9 deposition was found on lung tissue. Treating the mice with an anti-C5a receptor (C5aR)

antibody reduced systemic and local inflammatory responses, led to less tissue damage in the lungs

120



and spleen as well as limiting viral replication. However, overall survival in the mice was not

significantly improved (Jiang et al., 2018).

Multiple studies have investigated the potential role of the lectin pathway in SARS-CoV, with differing
results. Whilst some studies have shown mannose-binding lectin (MBL) does not bind to SARS-CoV
spike protein (Leth-Larsen et al., 2007), and no association of SARS-CoV susceptibility with MBL
genotype (Yuan et al., 2005), not all studies observe the same (Zhou et al., 2010, Ip et al., 2005).
Therefore, while there appears to be agreement that complement could be playing a role in SARS and
MERS pathogenesis, the molecular mechanisms and specific complement pathways involved are

controversial.

5.1.2 Complement in SARS-CoV-2

Although SARS-CoV-2 is distinct from SARS-CoV and MERS, it still shares approximately 79% and 50%
sequence identity respectively with them (Lu et al., 2020). There are some similarities in pathogenesis
between these coronaviruses making findings from SARS-CoV and MERS helpful in identifying how to
deal with the novel SARS-CoV-2 pathogen. Within these, was a focus on the role of complement
activation in COVID-19 patients. A flurry of reviews and commentaries suggesting the importance of
complement in COVID-19 pathology were published in response to the desperate need for new
treatments (Noris et al., 2020, Risitano et al., 2020, Campbell and Kahwash, 2020). These viewpoints
were gradually backed up by evidence from patient studies (Magro et al., 2020, Macor et al., 2021, Ma
etal., 2021, Cugno et al., 2021, Holter et al., 2020, Satyam et al., 2021, Boussier et al., 2022, Detsika et

al., 2022, Devalaraja-Narashimha et al., 2023).

Autopsy studies involving small numbers of patients performed in the early months of the pandemic
showed deposits of complement in the lungs, with MASP-2, C4d and C5b-9 deposits found in the
alveolar septum capillaries, the latter two components often colocalising with spike protein (S) (Magro

et al., 2020). Systemically, many studies started to show increased levels of complement in the blood,
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with consistently higher levels of C5a found in COVID-19 patients (Marcos-Jiménez et al., 2020,
Marcos-Jimenez et al., 2021, Carvelli et al., 2020), and higher levels of sC5b-9 and C4d in those with
respiratory failure (Holter et al., 2020). C4d, sC5b-9 and C5a were also shown to correlate with antiviral
antibodies rather than viral load - significant correlations between all three complement factors and
IgM against nucleoprotein (N) were observed, as well as between C4d to IgG against S receptor binding
domain and N (Holter et al., 2020). Further papers confirmed these earlier studies, showing
complement deposits in the lungs, kidneys and liver (Macor et al., 2021, Niederreiter et al., 2022,
Satyam et al., 2021), and increased systemic blood levels of complement, with higher levels of blood
complement markers linked to worse outcomes (Meroni et al., 2023, Ma et al., 2021, Henry et al.,
2021, Gauchel et al., 2022, Georg et al., 2022, Detsika et al., 2022, Devalaraja-Narashimha et al., 2023,

Cheng et al., 2021, Cugno et al., 2021, Leatherdale et al., 2022, Sinkovits et al., 2021).

5.1.3 Specific complement pathways in COVID-19

With complement so clearly indicated in severe COVID-19, the focus switched to elucidating the
mechanisms behind this complement activation, including which of the three complement pathways
were causing such high levels of complement to be present, with the hope of further understanding

guiding clinical studies and treatment.

5.1.3.1 The classical complement pathway in COVID-19

With the three complement pathways converging at the terminal pathway (see section 1.4), and the
classical and lectin pathways sharing C3 convertase structure, supporting evidence of classical pathway
involvement in vivo has to be found through identifying binding of C1q, C1r and/or Cls, the initiating
molecules of the pathway. Autopsy studies have shown Clq deposition in various tissues including the
lungs, liver and kidneys (Macor et al., 2021, Satyam et al., 2021). This has been confirmed systemically,

with increased classical pathway activity seen in COVID-19 patients (Leatherdale et al., 2022, Hurler et
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al., 2022, Defendi et al., 2021, Siggins et al., 2023, Boussier et al., 2022, Georg et al., 2022, Jarlhelt et

al., 2021).

5.1.3.2 The lectin complement pathway in COVID-19

Involvement of the lectin pathway was first suggested in March 2020 in a pre-print from Gao et al.,
since fully published in 2022 . They showed in vitro that N protein from SARS-CoV, MERS and SARS-
CoV-2 is capable of directly binding to MASP-2, a critical early component of the lectin pathway. This
interaction was confirmed and further developed by Ali et al. (2021) who showed binding of MBL to
both spike and nucleoprotein from SARS-CoV-2, as well as direct binding of MASP-2 to the SARS-CoV-

2 nucleoprotein.

In vivo, the role of the lectin pathway has caused similar controversy to that which it did in SARS-CoV,
with contrasting views being published. Some studies have argued that the lectin pathway is
hyperactivated in severe COVID-19, with lower levels of MBL or MASP-2 measured in blood suggestive
of component consumption (Defendi et al., 2021, Gotz et al., 2022), backed up by higher MBL2 and
MASP-2 RNA levels found in moderate and severe COVID-19 patients (Boussier et al., 2022). On the
other hand, despite correlation between lectin pathway marker MASP-1/C1-INH and disease severity
(Hurler et al., 2023, Hurler et al., 2022), with no association between disease outcome/severity and
genetic variation in MBL2 (Hurler et al., 2023), one group concluded the lectin pathway was playing
only a minor role due to overall lack of consistency between lectin pathway components and disease

outcome.

5.1.3.3 The alternative complement pathway in COVID-19

The alternative pathway has also been indicated in the pathogenesis of COVID-19, with Yu et al. (2020)
suggesting spike but not nucleoprotein could directly activate the alternative pathway. Many studies

have followed, linking higher levels of blood Factor B, Factor Ba and Factor D and lower levels of
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properdin with worse outcomes (Ma et al., 2021, Leatherdale et al., 2022, Siggins et al., 2023, Boussier

etal., 2022).

5.1.4 The use of complement inhibitors in COVID-19

With complement levels so high in severe disease, and a lack of treatment options for the novel virus,
the use of complement inhibitors was explored by some groups as a possible treatment option. An in
vivo study using an acute lung injury mouse model with human C5aR1 knock-in, the C5aR1 blocking
monoclonal antibody avdoralimab reduced immune cell infiltration and damage in the lungs (Carvelli

et al., 2020).

This was followed by studies on very small (<5) numbers of patients using complement inhibitors.
Multiple groups showed their patients recovered from severe COVID-19 when inhibiting C5, either with
eculizumab (Diurno et al., 2020) or newer C5 blocking monoclonal antibodies (Zelek et al., 2020). Other
groups utilised the C3 inhibitor peptide AMY-101 (Mastaglio et al., 2020, Skendros et al., 2022),
showing this to give favourable broader immune responses in terms of NET reduction to eculizumab
(Mastellos et al., 2020). Unfortunately, due to the rapid and pressing nature of COVID-19 research,
these studies are lacking in control groups and/or adequate patient numbers to make any firm
conclusions about complement inhibitor efficacy as a treatment. However, they did provide a basis for
further clinical trials. A phase three randomised controlled trial (RCT) of ravulizumab, an anti-C5 mAb,
in severe COVID-19 patients was stopped early due to futility (NCT04369469). Another phase three
RCT using the anti-C5aR mAb avdoralimab completed, but found the drug to have no significant clinical
benefit (Carvelli et al., 2022). So far the only clinical trial to report positive results is a phase three RCT
using vilobelimab, an anti-C5a mAb, with an increase in survival of mechanically ventilated patients
given the drug at day 28 (Vlaar et al., 2022). However, this is not without controversy, with doubts

being raised over the way the multi-centre trial was analysed (Kalil and Proschan, 2022), and the

124



significance in survival being lost by day 60. Details of further ongoing clinical trials are summarized in

Zelek and Harrison (2023).

5.1.5 Chapter aims

When this project began in 2020, multiple studies had shown complement levels to be raised in the
blood of those with severe COVID-19 (Carvelli et al., 2020, Lam et al., 2020, Holter et al., 2020, Marcos-
Jiménez et al., 2020), and it had been shown the lectin pathway could be activated by N protein (Gao
et al.,, 2020). Whether SARS-CoV-2 could specifically activate the classical pathway was unknown.
Following on from the successful development of a SARS-CoV-2 anti-IgGAM ELISA by the Clinical
Immunology Service, the Cunningham lab and The Binding Site (Cook et al., 2021, Faustini et al., 2020,
Faustini et al., 2021), we wanted to further develop the ELISA for application to the complement

system.

We wanted to investigate the potential mechanisms of complement involvement inimmune responses
to SARS-CoV-2, and decipher whether anti-SARS-CoV-2 antibodies were able to activate the classical
pathway, with a particular focus on the role of the antibody in this process. Therefore, the aims of this

chapter were to:

a) Identify whether antibodies against SARS-CoV-2 spike and nucleoprotein can lead to the
activation of the classical complement pathway

b) Identify whether antibodies from convalescent individuals with either mild or severe COVID-
19 have different complement activation capabilities

c) Identify whether antibodies from vaccinated individuals activate complement in a similar or
different manner to those with natural infection

d) Identify whether antibody titres relate to the levels of complement activation

The results of this work were published in Frontiers in Immunology, and the paper is presented here

as part of an alternative format thesis. Author contributions are detailed at the end of the paper, but
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in summary, Edith Marcial-Juarez led on development of the complement assay in collaboration with
me. All experiments presented in the paper were performed by me, and | carried out all the data
analysis. | wrote the paper in conjunction with Adam Cunningham. All other authors provided key

reagents, samples or provided supervisory support.
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Abstract

Antibodies specific for the spike glycoprotein (S) and nucleocapsid (N) SARS-CoV-2 proteins are
typically present during severe COVID-19, and induced to S after vaccination. The binding of viral
antigens by antibody can initiate the classical complement pathway. Since complement could play
pathological or protective roles at distinct times during SARS-CoV-2 infection we determined levels of
antibody-dependent complement activation along the complement cascade. Here, we used an ELISA
assay to assess complement protein binding (C1q) and the deposition of C4b, C3b, and C5b to Sand N

antigens in the presence of antibodies to SARS-CoV-2 from different test groups: non-infected, single
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and double vaccinees, non-hospitalised convalescent (NHC) COVID-19 patients and convalescent
hospitalised (ITU-CONV) COVID-19 patients. C1q binding correlates strongly with antibody responses,
especially IgG1 levels. However, detection of downstream complement components, C4b, C3b and C5b
shows some variability associated with the subject group from whom the sera were obtained. In the
ITU-CONV, detection of C3b-C5b to S was observed consistently, but this was not the case in the NHC
group. This is in contrast to responses to N, where median levels of complement deposition did not
differ between the NHC and ITU-CONV groups. Moreover, for S but not N, downstream complement
components were only detected in sera with higher 1gG1 levels. Therefore, the classical pathway is
activated by antibodies to multiple SARS-CoV-2 antigens, but the downstream effects of this activation

may differ depending the disease status of the subject and on the specific antigen targeted.

Introduction

Infection with SARS-CoV-2, the causative agent of COVID-19, results in a spectrum of clinical
presentations ranging from asymptomatic infections to severe disease and death. Although some
factors that can predict risk of severe disease are known, such as obesity or age, it is clear that other
host factors, including immune status, also contribute (Docherty et al., 2020, Petrilli et al., 2020, Shields
et al., 2021b). Thus, it is likely that COVID-19 represents a collection of syndromes, caused by one

pathogen, where disease severity is influenced by host and pathogen factors.

Two antigens that are common targets of the immune response to SARS-CoV-2 are the spike (S)
glycoprotein, which is essential for both binding and entry into host cells, and the nucleocapsid (N)
protein, involved in packaging the genomic material (Walls et al., 2020). Antibodies to these antigens
are induced after infection, and antibodies to S glycoprotein can be protective (Shields et al., 20213,
Lumley et al., 2021, Hanrath et al., 2021). Indeed, the S glycoprotein is the sole SARS-CoV-2 viral
antigen targeted by all current licensed vaccines (Darby and Hiscox, 2021). After natural infection of

non-vaccinated individuals, although the appearance of antibodies to both of these antigens can occur
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early in mild disease, the presence of such antibodies is usually well-established at times severe disease
develops. This means that substantial levels of viral antigen may still be present within the host for
these antibodies to bind (To et al., 2020). In contrast, in most vaccinated individuals who have not
previously been infected, high levels of antibodies to S are present when they subsequently encounter
the pathogen. This means that there can be circumstances when: i) there are concomitant high-levels
of antibodies to Sand N as well as relatively high-levels of antigen (antibodies induced during infection)
and ii) high-levels of antibodies to S and relatively low-levels of antigen (infection of vaccinated,

previously naive individuals).

After antigen binding by antibody, complement activation can occur through the classical pathway
(Dunkelberger and Song, 2010). This cascade requires Clq binding to antibody and the generation of
a C3 convertase derived in part from C4, through the production of C4b. This results in the cleavage of
C3 and C5, with C3b and C5b forming a complex proximal to the site of antibody binding. The activation
of the complement cascade may have positive or negative effects for the host associated with the
timing of its activation and possibly the different pathways involved (Carvelli et al., 2020, Holter et al.,

2020, Ng and Powell, 2021, Kurtovic and Beeson, 2021, Ma et al., 2021).

To improve our understanding of the relationship between SARS-CoV-2-specific antibodies and
complement activation, we developed a solid phase Clg-binding assay and C4b, C3b and C5b
complement deposition assays using S and N proteins from the SARS-CoV-2 Wuhan strain. These
studies identified differences in antibody-associated complement activation that were associated with

the stage of infection in the host.

130



Methods

Ethics and patient samples

Sera were obtained from distinct groups of subjects from well-validated cohorts that are described
below (Shields et al., 2021a, Shields et al., 2021b). Group 1: Non-vaccinated individuals without any
reported COVID infection (NEG). Sera were obtained from subjects in May 2020, prior to widespread
PCR testing and before the introduction of vaccines against SARS-CoV-2 infection. Sera were screened
using a clinically validated, CE marked, ELISA assay that measures the IgG, IgA and IgM (IgGAM)
response to the S glycoprotein (Cook et al., 2021, Faustini et al., 2021) (manufactured by The Binding
Site (TBS; product code: MK654), Birmingham). This assay, described below in the section on detecting
antibodies to S and N, has been clinically validated and reported to have a sensitivity of 98.6% (95% Cl,
92.6-100.0%) and a specificity of 98.3% (95% Cl, 96.4-99.4%)(Cook et al., 2021). Group 2: Individuals
without evidence of infection (as determined by an absence of anti-N antibodies), vaccinated 28-35
days previously with BNT162b2 vaccine (VACC). Group 3: Individuals without evidence of infection (as
determined by an absence of anti-N antibodies) who had received their second dose of BNT162b2
vaccine at least 28 days previously (DOUBLE VACC). Group 4: These sera were obtained in May 2020
from a cohort of healthcare workers from the University Hospitals Birmingham Foundation Trust, who
had previously self-isolated a minimum of 28 days previously because they experienced symptoms
suggestive of COVID-19, and had not been hospitalized for any of these symptoms. In May 2020
widespread PCR testing was not available, and thus most of these samples were not from individuals
with prior confirmed PCR tests. Since the only predefined exclusion criteria was participation in existing
SARS-CoV-2 vaccine trial or current COVID-19 symptomatology and the time was prior to the
introduction of vaccines, anti-S antibodies could be used as a reliable surrogate of previous infection.
Anti-S IgGAM were determined as described above using the clinically validated anti-S glycoprotein

ELISA described above (non-hospitalised convalescents, NHC). Group 5: Non-vaccinated convalescent,

131



PCR confirmed SARS-CoV-2 infection patients who required ITU treatment, samples taken a minimum

of 4 months after ITU discharge (ITU-CONV).

Ethical approval for obtaining samples for groups 1 -4 was provided by the London — Camden and Kings
Cross Research Ethics Committee reference 20/HRA/1817. Ethical approval for obtaining samples for
group 5 was provided by the North West ethics committee, Preston CIA UPH IRAS approval reference

REC 20\NW\0240.

Antigens used in this study

To generate the spike glycoprotein used in this study, HEK293F cells were transiently transfected with
a po-H plasmid containing the near full-length sequence for the Wuhan SARS-CoV-2 spike (GenBank:
MN908947). The spike glycoprotein used here contains 1208 amino acids and includes all the S1 and
most of the S2 domain (Hsieh et al., 2020, Chawla et al., 2021). The protein has been modified so that
there are an additional four prolines present in addition to the two which are normally expressed (2P)
to stabilize recombinant spike (Hsieh et al., 2020). The 6 prolines are present at positions 817, 892,
899, 942, 986 and 987 (Hsieh et al., 2020). This so-called HexaPro spike glycoprotein expresses as a
metastable recombinant SARS-CoV-2 prefusion ectodomain. Extensive comparisons between the
native, 2P and HexaPro spike glycoproteins demonstrate that they have comparable native-like protein
architecture, have similar antigenic properties including the induction of neutralizing antibodies
(Seephetdee et al., 2021, McMillan et al., 2021, Walls et al., 2021) and have similar glycosylation

profiles (Hsieh et al., 2020, Watanabe et al., 2020, Allen et al., 2021, Chawla et al., 2021).

The HEK293F cells were cultured in Freestyle 293 Expression medium (Fisher Scientific) and maintained
at a density of 0.2 x 10° cells/mL at 37°C, 8% CO, and 125 rpm shaking. Prior to transfection, two
solutions of 25 mL Opti-MEM (Fisher Scientific) medium were prepared. The expression plasmid
encoding SARS-CoV-2 HexaPro was added to the first solution to give a final concentration of 310 ug/L.

To the other solution, 1 mg/mL pH7 polyethylenimine (PEI) max reagent was added to generate a ratio
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of 3:1 PElI max:plasmid DNA. Both solutions were combined and incubated at room temperature for
30 minutes. Cells were transfected at a density of 1 x 10° cells/mL and incubated for 7 days at 37°C, 8%
CO; and 125 rpm shaking. Cells were centrifuged at 3041g for 30 minutes at 4°C and supernatant was
applied to a 500 mL Stericup-HV sterile vacuum filtration system (Merck) with a pore size of 0.22 um.
Purification of HexaPro S protein was undertaken using an AKTA Pure system (Cytiva). A5 mL HisTrap
Excel column (Cytiva) charged with Ni(ll) was equilibrated using 10 column volumes (CV) of wash buffer
(50 mM Na;P0O4, 300 mM NaCl, pH 7). Supernatant was then loaded onto the column at a flow rate of
5 mL/min and washed with 10 CV of washing buffer containing 50 mM imidazole. Protein was eluted
from the column in 3 CV of elution buffer (300 mM imidazole in washing buffer) and buffer exchanged
to phosphate buffered saline (PBS) and concentrated using a Vivaspin column (MWCO 100 kDa)

(Cytiva).

The nickel purified eluate was concentrated to 1 mL in PBS and injected into a Superdex 200 pg 16/600
column (Cytiva) to further purify trimeric S protein using size exclusion chromatography (SEC). The
column was washed with PBS at 1 mL/min for 2 hours where fractions corresponding to the correct

peak on the size exclusion chromatogram were collected and concentrated to ~1 mL as above.

Nucleocapsid was generated as a recombinant protein from E. coli by the Protein Expression Facility at

the University of Birmingham (Faustini et al., 2021).

Detection of antibodies specificto S and N

Antibody ELISAs were carried out as previously described (Faustini et al., 2021), with 50 pl per dilution
used. In brief, 96 well high-binding plates (Corning) were coated with 0.1 ug S or N protein in PBS and
incubated overnight at 4°C. PBS-0.1% Tween 20 was used to wash plates 3 times, and between all
subsequent steps. Plates were blocked with 2% (w/v) BSA in PBS-0.1% (v/v) Tween 20 for 1 hr at room
temperature (RT). Serum was diluted 1:40 and incubated for 1 hr at RT. HRP-conjugated anti-human

secondary antibodies were added for 1 hr at RT. For combined anti-IgG, IgA and IgM (IgGAM) the
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antibodies came in a combined pre-diluted form from The Binding Site (EACONJ654). The individual
constituent HRP-labelled secondary antibodies used in this are polyclonal rabbit anti-human IgG
(1:16,000), polyclonal rabbit anti-human IgA (1:2000) and polyclonal rabbit anti-human IgM (1:8000).
Individual immunoglobulin isotypes were detected using HRP-conjugated monoclonal antibodies:
mouse anti-human IgM (clone AF6, 1:2000), mouse anti-human IgG1 (clone MG6.41, 1:3000), mouse
anti-human 1gG3 (clone MG5.161, 1:1000). All monoclonal antibodies were produced at the University
of Birmingham. Plates were developed for up to 20 minutes using 100 ul TMB Core (Bio-Rad) and the
reaction was stopped with 50ul 0.2M H,SO4. Optical density (OD) was read at 450 nm using a

SpectraMax ABS Plus plate reader.

Solid phase C1g-binding assay

Plates were coated as above. Plates were washed three times with PBS-0.1% Tween 20 — this wash
step was carried out between all subsequent steps. Blocking was carried out for 1 hr at RT with 2% BSA
in PBS-0.1% Tween 20. Test serum was heat inactivated at 56°C for 30 minutes, before being diluted
1 in 5 with 2% BSA supplemented with 5 mM calcium chloride and 5 mM magnesium chloride. 50 pl
was added to the antigen-coated plate and incubated for 1hr at 37°C. After washing, 50 ul COVID
negative normal human serum (same source used throughout all assays, containing no detectable S or
N specific antibodies as measured by IgGAM ELISA) at a dilution of 1:40 (in 2% BSA plus 5 mM calcium
chloride and 5 mM magnesium chloride) was added to each well for 1hr at RT. 100ul of rabbit anti-Clq
FITC antibody (Invitrogen PA5-16601) at a 1:200 dilution in PBS-0.1% Tween 20 was added and
incubated at 37°C for 1 hr. HRP conjugated swine anti-rabbit (Dako P0399) at a 1:2000 dilution was
then incubated for 1 hr. The assay was amplified using the Perkin Elmer ELAST amplification kit as per
manufacturer’s instructions, with an optimised dilution of streptavidin, 1:800, incubated for 20
minutes. Plates were developed using 100 pul TMB Core (Bio-Rad) for 10 minutes, before being stopped

with 50 pl 0.2MH,S0,4. OD was measured as described above.
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C4ab, C3b and C5b complement deposition assay

Microtiter plates were coated and washed as described above and blocked with Starting Block
(ThermoFisher) for 10 min. Test serum was heat inactivated at 56°C for 30 minutes, before being
diluted 1 in 5 with Starting Block supplemented with 5 mM calcium chloride and 5 mM magnesium
chloride. 50 ul was added to the antigen-coated plate and incubated for 1hr at 37°C. After washing, 50
pl COVID negative normal human serum (same source used throughout all assays, containing no
detectable S or N specific antibodies as measured by IgGAM ELISA) at a dilution of 1:40 (in 2% Starting
Block plus 5 mM calcium chloride and 5 mM magnesium chloride) was added to each well for 1 hr at
37°C. The following anti-human monoclonal complement antibodies (100ul, diluted in PBS-0.1%
Tween 20) were added and incubated at 37°C for 1 hr: mouse anti-C4b, 1:22,500 (Invitrogen, LF-
MAO0198); mouse anti-C3b, 1:10,000 (Invitrogen MA1-70053); mouse anti-C5b, 1:10,000 (Invitrogen
DIA 011-01-02). HRP conjugated goat anti-mouse at a 1:4000 (Southern Biotech 1010-05) was then

incubated at RT for 1 h. Plates were developed and read as described above.

Statistics

Statistical analysis was carried out using GraphPad Prism 9.0. Kruskal-Wallis followed by Dunn’s post-
hoc test for multiple groups was used to calculate p values. Statistical significance was accepted at

P<0.05. Spearman correlation was carried out on the appropriate data sets.

135



Results

Anti-S, but not anti-N antibody responses differ between NHC and ITU-CONV patients

Total IgGAM antibody responses to trimeric S and N were assessed in five different groups: individuals
without any reported COVID-19 infection (NEG); post first BNT162b2 vaccine, infection-naive
individuals (VACC); post second BNT162b2 vaccine, infection-naive individuals (DOUBLE VACC);
convalescing non-hospitalised patients (NHC) and convalescing patients who had been hospitalised
and required ITU treatment (ITU-CONV). The VACC, DOUBLE VACC, NHC, ITU-CONV groups all had
significantly higher anti-S glycoprotein IgGAM responses than the NEG group (Figure 5.1A), whereas
IgGAM levels against N in the two convalescent groups were higher than the NEG, VACC and DOUBLE
VACC groups (Figure 5.1B). There were no significant differences in the anti-N responses between the
NEG group and the VACC and DOUBLE VACC groups, consistent with individuals within these groups
not having had prior SARS-CoV-2 infections. Similar results were observed when specific 1gG1l
responses, an IgG isotype efficient at fixing complement, were assessed (Figure 5.1C). No differences
in anti-S IgGAM and IgG1 antibody responses were observed between the VACC and patient groups.
Anti-S IgGAM and IgG1 responses were higher in the ITU-CONV group compared to the NHC group, but
no differences were observed for anti-N responses in these two groups (Figure 5.1D). Modest IgM and
IgG3 responses to S and N were detected in some individuals (Supplementary Figures 5.1A,B and

Supplementary Table 1).
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Figure 5.1 Anti-S, but not anti-N antibody responses differ between NHC and ITU-CONV
patients. Using an ELISA against 0.1ug S (a, c) or N (b,d) with HRP-conjugated IgGAM or 1gG1
secondary antibodies, GAM and IgG1 levels were assessed in the following subject groups:
COVID-19 negatives (NEG, n >20), COVID-19 naive one month post first BNT162b2 vaccine
(VACC, n =9), COVID-19 naive one month post second BNT162b2 vaccine (DOUBLE VACC, n =
19), COVID-19 positive non-hospitalised convalescents (NHC, n > 19) and COVID-19 positive
convalescents who required ITU treatment (ITU-CONV, n > 18) Kruskal-Wallis with Dunn’s
multiple comparisons test was used to test significance. a indicates that the four groups
bracketed (VACC, DOUBLE VACC, NHC and ITU-CONV) were individually significantly different
to the NEG group; b indicates that NHC and ITU-CONV are independently significantly
different to NEG, VACC and DOUBLE VACC. *** p <0.001, ** p < 0.01, * p < 0.05. Bars
represent median values for each group.
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Clq binding in vitro correlates with levels of S- and N-specific IgGAM and IgG1 antibodies

To determine if the complement protein C1q can bind to SARS-CoV-2-specificimmunoglobulins in vitro
we developed a solid phase C1g-binding assay. In these antigen-specific assays, the test serum from
COVID-19 patients or vaccinees is heat-inactivated and standardisation of complement is provided by
using sera from non-infected, non-vaccinated subjects. Results from this assay showed that Clqg
binding mirrored 1gG1 levels for both S and N antigens, with the lowest signals for S seen in the NEG
group (Figure 5.2A), and for N in the NEG, VACC and DOUBLE VACC groups (Figure 5.2B). The lack of
Clqg binding detected for N when sera from the VACC and DOUBLE VACC groups were tested is
expected and consistent with a lack of prior infection by SARS-CoV-2 in these groups (Figure 5.2B), and
we have included these two groups in our downstream analyses of the response to N for their value
as control groups. No difference in C1q binding was observed between sera from the two convalescent
groups (Figures 5.2A,B). Plotting 1gG1 responses against C1q responses shows a positive correlation
between the amount of 1gG1 antibody and the amount of Clqg binding detected (Figure 5.2C,D).

Therefore, C1q binding reflects the serological response to both antigens.
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Figure 5.2: C1q binding to S and N correlates with IgG1 responses. Using an ELISA against 0.1ug S (a) or N (b)
with an anti-Clq secondary antibody, followed by an HRP-conjugated tertiary, and the ELAST amplification kit,
Clq binding was measured. Correlations of IgG1 OD and Clq OD against S (c) and N (d). NEG, n=22. VACC, n =9.
DOUBLE VACC n = 19. NHC, n 2 21. ITU-CONV n = 20. Kruskal-Wallis with Dunn’s multiple comparisons test was
used. a indicates that the four groups bracketed were individually significantly different to the NEG group; b
indicates that NHC and ITU-CONV are independently significantly different to NEG and DOUBLE VACC. ** p <
0.01, * p <0.05. Bars represent median values for each group. Correlations were determined using the
Spearman's rank correlation test (r and p values presented).
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Deposition of C4b, C3b and C5b varies dependent upon antigen tested and subject group

To determine whether Clq binding reflected downstream activation of the complement cascade, we
examined whether complement breakdown products could be detected. Deposition of C4b, a major
component of the classical pathway C3 convertase, and the effector molecules C3b and C5b were
assessed. In the absence of S or N-specific antibodies, C4b, C3b and C5b breakdown products were not
detected, but they were detected in the presence of specific antibodies, indicating involvement of the
classical complement pathway (Figure 5.3). When S was used as the assay antigen, the highest median
levels of C4b, C3b and C5b deposition detected were in the DOUBLE VACC and ITU-CONV groups
(Figure 5.3A), whereas the VACC and NHC groups showed similar lower levels of downstream
activation. The median levels of C4b, C3b and C5b deposition detected when N was used as the assay
antigen were similar between the NHC and ITU-CONV groups (Figure 5.3B). In contrast, for the NEG,
VACC and DOUBLE VACC groups, where anti-N antibody responses and C1q binding were not detected,
there was no downstream activation of the complement cascade. Therefore, in this assay differences
in complement activation by antibody can be detected dependent upon what patient group and

antigen were examined.
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Figure 5.3: C4b, C3b and C5b show antigen and subject status-dependent variability. Using an ELISA against
0.1ug S (a) or N (b) with either anti-C4b, C3b or C5b secondary antibody, followed by an HRP-conjugated tertiary,
downstream complement binding was measured. NEG, n= 22. VACC, n =9. DOUBLE VACC, n = 19. NHC, n = 22.
ITU-CONV n = 20. Kruskal-Wallis with Dunn’s multiple comparisons test was used. a and b indicate that the groups
bracketed were individually significantly different to the NEG group; c indicates that NHC and ITU-CONV are
independently significantly different to NEG, VACC and DOUBLE VACC; d indicates that DOUBLE VACC, NHC and
ITU-CONV are all significantly different to NEG; e indicates that NHC and ITU-CONV are both significantly different
to DOUBLE VACC. **** p < 0.0001, *** p < 0.001, ** p <0.01, * p <0.05. Bars represent median values for each

group.
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Downstream complement activation associates with threshold IgG1 responses

In contrast to the linear association between anti-S IgG1 and Clq detection, there was a non-linear
association between 1gG1 and C4b, where C4b was only detectable beyond a threshold level of IgG1.
A correlation between C4b and IgG1 to N was also observed, as was a threshold response, although
the threshold response was less clear for N than for S (Figure 5.4A). Similar threshold responses for
IgG1 to S and N were also observed if C3b or C5b were plotted against IgG1 (Supplementary Figures
5.2A,B). When correlations were performed for C1q vs C4b (Figure 5.4B), C4b vs C3b (Figure 5.4C) and
C3b vs C5b (Figure 5.4D) for both antigens, then clear correlations were observed. This suggests that
in this assay threshold levels of IgG1 are needed to activate downstream complement components for

Sand N.
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Figure 5.4: C4b responses demonstrate a threshold response to IgG1 levels against S but not N. All further
downstream complement components correlate linearly. Correlations of data obtained in Figures 5.1c and 5.1d,
Figure 5.2a and 5.2b and Figures 5.3a and 5.3b were plotted. XY pairs, n > 91. Correlations were determined using
the Spearman's rank correlation test (r and p values presented).
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IgG1 correlates with complement activation in sera with the lowest IgM levels detected

IgM is the most efficient antibody isotype for fixing and activating complement (Keyt et al., 2020) yet
most sera tested had only low levels of anti-S or anti-N IgM (Supplementary Figure 5.1A). This was
expected due to the convalescent nature of our infected groups, and the minimum one month period
after vaccination that sera were obtained from our vaccinated groups. This suggested IgG1 or 1gG3
might compensate for IgM when IgM is not present at high levels. Therefore, we examined the level
of complement fixation (C1q binding) and activation (C3b deposition) associated with antigen-specific
IgM and how this correlated with antigen-specific IgG1 and IgG3 levels (Figure 5.5 and Supplementary
Figure 5.3). To do this the IgM to S or N was correlated with Clq and C3b. There were modest
correlations between IgM against S and C1q and C3b (r =0.4613, p < 0.0001 and r = 0.4753, p < 0.0001
respectively; Figure 5.5A,C). To N protein, no correlation was identified, although only a few sera had
elevated levels of IgM (IgM vs Clq, r = 0.1661, p = 0.1155 and IgM vs C3b r = 0.09955, p = 0.3478;
Figure 5.5B,D) and if the 2 vaccinated groups (lacking anti-N responses) were excluded from the
analysis for N, then the correlation became stronger (IgM vs Clq, r = 0.3019. p = 0.0162; IgM vs C3b, r
=0.03509, p = 0.0048). These results are consistent with IgM being able to activate complement when
present, but not always being present at sufficiently high levels to do so. Clg binding and C3b
deposition was detected for many sera in which IgM responses to S or N were low. We hypothesized
that sera which exhibited the lowest IgM responses, but which could still fix and activate complement
had higher levels of IgG1 or IgG3. We therefore divided the sera with the lower IgM levels into 2 groups,
one group in which we detected the highest C1q or C3b levels (termed IgM"°C1g" and IgM'°C3b"
respectively) and another group where we detected the lowest C1q and C3b levels (termed IgM'"°C1q'"
and IgM'°C3b'" respectively). The Clq or C3b response was then plotted against the 1gG1 or IgG3
response. In the IgM"°C1g" and IgM'"C3b" groups higher levels of IgG1 were detected than in the
IgM'°C1q° and IgM'°C3b'" groups (Figure 5.5A-D and Supplementary Figure 5.3), and this difference

was observed for both S and N. IgG3 levels were also higher in the IgM'°C1g" and IgM'°C3b" groups
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than in the IgM"°C1q" and IgM'"°C3b'" groups (Figure 5.5A-D and Supplementary Figure 5.3). Therefore,
complement fixation and activation is observed in the presence of IgG1 or IgG3 when IgM levels are

low.
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Figure 5.5: Complement activation by sera with low levels of IgM to S and N. (a) Left hand panel shows the IgM
levels plotted against levels of C1q for S (left hand panel; results for 91 sera presented from NEG, VACC, DOUBLE
VACC, NHC and ITU-CONV donors). The IgG1 levels for sera presented in the blue box (IgM'°C1q") or red box
(lgM'°C1g'°) are shown in the central graph and for 1gG3 in the right hand graph (n > 18 for each group). Each
coloured dot represents one sera from the corresponding coloured box. (b) As for a, but the anti-N response is
presented. (c) and (d), as for (a) and (b) respectively but with the results for C3b binding shown rather than Clq.
Correlations were determined using the Spearman's rank correlation test (r and p values presented). Mann-
Whitney was used to test significance in the 1gG1 and IgG3 column graphs, where **** p < 0.0001 and *** p <
0.001. Bars represent median values for each group.
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Discussion

Here we show (i) that antibodies to S and N can activate the classical complement cascade and (ii) the
level of activation of the cascade detected vary dependent upon the subject group examined and the
antigen used in the test. Therefore, antibodies to two different antigens within the same pathogen
can activate the complement cascade in vitro, albeit at levels that depend on the severity of COVID-
19. In the presence of specific antibodies to both S and N, similar levels of C1q binding were observed
and the greatest variability was detected downstream of Clq binding. In contrast, in the NEG, VACC
and DOUBLE VACC groups, where antibodies to N were not detected, activation of the complement

cascade was not detected.

In this study, antibody needed to bind antigen in order to detect complement activation. Although
threshold IgG1 levels were associated with activation of the complement cascade, the spread in the
complement responses observed to spike and nucleoprotein did show some differences (e.g. Figure
3). Such observations may reflect the assay or other factors such as how antibodies themselves interact
with these antigens or intrinsic differences in the antigens themselves. For instance, S is a trimeric
protein and the approximately 420 kDa trimer is substantially larger than N, which is approximately 46
kDa. This difference may influence how IgG binds to the antigen and affects complement activation.
Moreover, the trimeric structure of S means identical epitopes can be juxtaposed to one another in a
highly defined manner (Hsieh et al., 2020, Bangaru et al., 2020, Wrapp et al., 2020) enabling multiple
Fab to bind their target epitopes and promoting cross-linking of antigen. Other factors may also
contribute to this process, such as which epitopes are targeted within the S protein. For instance, large-
scale changes in the glycosylation pattern of S proteins has a surprisingly limited impact on the level
of antibody binding by patient sera as determined by ELISA (Chawla et al., 2021). One interpretation
of this is that there are only a limited number of antibody sites available on each S glycoprotein for

antibodies to bind, presumably in part because of a combination of relatively few (proteinaceous)
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epitopes targeted and the steric effects of antibodies themselves. This is similar to what we have
observed for epitope recognition by antibodies targeting cell surface proteins on the surface of
Salmonella enterica serovar Typhimurium (Dominguez-Medina et al.,, 2020). Moreover, studies
examining antibody responses to the S glycoprotein of the Omicron variant in sera from vaccinated
individuals suggest that amino acid changes in the relatively hypoglycosylated RBD (Watanabe et al.,
2020, Grant et al., 2020, Wu et al., 2022) region can have dramatic effects on antibody binding (Faustini
et al., 2022) and so may be more likely to affect the level of complement activation. Other factors that
may influence complement activation include how antigen is distributed on the surface of the virus
(for S) and elsewhere in the host after natural infection. In the context of this assay, technical factors
such as how antigen binds to the plate may influence the results observed. Furthermore, the trimeric
vs monomeric nature of the antigens tested, the maintenance of native conformation, and the level of
antigen denaturing may all influence the results observed using these assays. This highlights the need
to develop multiple approaches to study antibody-antigen interactions in vivo to contextualise the in

vitro results presented here.

IgM is the most efficient antibody isotype for activating the complement cascade (Keyt et al., 2020).
Nevertheless, as seen in many studies, the sera used in this study from individuals’ convalescent post-
vaccination or infection, had modest or background levels of antigen-specific IgM detected. Those
IgM' sera that could bind complement had higher IgG1/3 levels than those IgM" sera that could not
activate the complement cascade. Therefore, the results from this study are possibly most relevant for
understanding the relationship between IgG isotypes and complement activation, whereas the more
pronounced complement-fixing properties of IgM may modulate the strengths of the responses
observed. It is likely that in the presence of high levels of IgM, such as during the acute phase of a
primary infection, there would be enhanced levels of complement activation. Nevertheless, the
activation of the complement cascade in the absence of IgM may be possible and important for the

pathophysiology of disease in other scenarios, as well as in the convalescent subjects we have
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presented here. For instance, many children with severe complications from COVID-19 (Multisystem
Inflammatory Syndrome in Children (MIS-C)/paediatric inflammatory multisystem syndrome
temporally associated with SARS-CoV-2 infection (PIMS-TS)) present with disease at times when they
have low/negligible levels of IgM, yet high levels of IgG, especially IgG1 and 1gG3 (Perez-Toledo et al.,
2021). This correlates with a strong signature associated with complement activation (Syrimi et al.,
2021). Collectively, this likely means that IgM can play important roles in activating the complement

cascade, but that it is not essential.

The results from these studies lead to further hypotheses to test. For instance, it is known that ITU
subjects can have greater activation of the complement cascade (Carvelli et al., 2020, Holter et al.,
2020), and this could be compounding their disease. Indeed, targeting both C3 and C5 within the
complement cascade as a way to treat COVID-19 shows promise (Annane et al., 2020, Zelek et al.,
2020, Mastellos et al., 2020, Vlaar et al., 2020). The availability of assays such as those described here
will help increase understanding of how these inhibitors act to interfere with the complement cascade
in the presence of antibody to different SARS-CoV-2 proteins. Alternatively, since all these subjects
survived severe COVID-19 infections it could be hypothesised that the activation of complement is
associated with a beneficial outcome. As we did not have sera from individuals who died this is not
testable here. One caveat in this argument is that exogenous sources of complement in the form of
sera from non-infected individuals were used in these studies and that patients own sera may differ in
potency, or polymorphisms in complement components themselves could influence the consequences
of complement activation (Ramlall et al., 2020, Delanghe et al., 2021). This was not assessed here as
the focus was on antibody-mediated activation of complement where we have attempted to
standardize the amount of complement available, particularly for the downstream complement
components. Additionally, these studies were performed using sera from patients who were infected
or immunized weeks previously and the antibodies present may not reflect the antibodies present at

the time of infection. Certainly, it could be expected that the affinity of the antibodies would increase
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over time. One striking feature was the variability in the anti-C4b/C3b response detected in the VACC
group. It is unclear why this is the case, but it could simply be that there is variability within the wider
population in the ability to activate complement downstream. Ultimately, the results generated by
these assays are trying to recapitulate the complexity of the complement cascade in vivo, which is
considerably more complex than what is observed or testable in vitro. For these reasons, it is important
to interpret the outcomes from these assays as the starting point for further investigations. For
instance, in these assays potential inhibition of activation is not attempted. Neither is the separation
of competition for epitopes between antibody isotypes that are associated with greater complement-
activating potential (e.g. IgM or 1gG1) than others (e.g. IgA), or controlling for the absolute levels of
each isotype present. Nevertheless, the differences observed may be indicative of differences that can

occur in the patients in different tissues or organs or at different stages of infection.

The complement cascade has been reported to be activated through multiple pathways after SARS-
CoV-2 infection (Ali et al., 2021, Jarlhelt et al., 2021, Medjeral-Thomas et al., 2021, Yu et al., 2020).
Amongst these, the engagement of the classical pathway is distinct to the non-antibody-dependent
pathways due to the potential multiple roles antibody can play during the course of infection. If
induced whilst an infection is ongoing, then the activation of the complement cascade by antibody
could worsen disease, particularly as antibody responses become detectable concomitant with risk of
severe disease. This could happen either through enhanced inflammation (Jarlhelt et al., 2021), such
as observed during acute respiratory distress syndrome, or through enhancing the complications of
thrombosis and coagulopathy after infection (Magro et al., 2020, Skendros et al., 2020). Moreover,
antibodies are induced to multiple SARS-CoV-2 antigens and as we show, antibodies to S and N proteins
have the capacity to activate complement in vitro. At the sites where complement is activated during
primary infection, there could be additional increases in the anaphylatoxins C3a, C4a and C5a, as has
been reported (Carvelli et al., 2020, Lipcsey et al., 2021, Ma et al., 2021, Holter et al., 2020). These

could augment local inflammation through promoting the recruitment of more neutrophils and
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monocytes leading to tissue damage and worsen disease in patients. In addition, in humans challenged
with influenza virus increased levels of C3a and C5a were detected in the upper respiratory tract
(Bjornson et al., 1990), intriguingly most often during the recovery phase rather than the acute
infection phase, presumably concomitant with when antibody responses are established. Other effects
of complement activation may include the destruction of host cells due to the formation of MAC and
the activation of the coagulation cascade and effects on the vasculature (Lo et al., 2020, Ramlall et al.,

2020, Lipcsey et al., 2021, Martinez-Salazar et al., 2022).

Balancing this, positive roles for antibody-mediated complement activation have also been proposed
during active infection and vaccination (Kurtovic and Beeson, 2021). Potentially, the most valuable
contribution antibody-mediated complement activation could make to protection is in vaccinated
individuals or in those recovered from prior infection. In such individuals, the level of antigen present
is likely to be low when antibody encounters its target antigen. This binding of antigen by pre-existing
antibody will still result in immune cell recruitment and activation, helping to prevent the wider
dissemination of the virus, but the overall magnitude of these sequelae will be lower. This reduced
level of inflammation compared to what is observed when antibody is induced during infection could
result in reduced levels of immunopathology. Therefore, antibody-mediated activation of complement
in this context may be more beneficial for the host because it is contributing to control of infection

when the pathogen burden is relatively low and less likely to provoke severe inflammatory responses.

The site of pathogen encounter is likely to influence the type of antibody present, the amount of
complement and the outcomes from complement activation. At mucosal surfaces there is an
enrichment of anti-pathogen IgA as well as the presence of IgG: IgA is less efficient at activating
complement than IgM, IgG1 and 1gG3 (Woof and Russell, 2011, Daha et al., 2011). In saliva, which is
often used as a proxy for mucosal responses, both IgA and IgG to SARS-CoV-2 are readily detectable

after infection (Cervia et al., 2021, Costantini et al., 2022), but this is less so after vaccination alone
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(Azzi et al., 2022). In contrast, IgM is typically not a major component of the antibody repertoire
detected in saliva (Klingler et al., 2021). Although there are significant levels of complement in the
upper and lower respiratory tract (Bolger et al., 2007, Varsano et al., 2000), the relative predominance
of IgA may mean there is less activation of the complement cascade even between the upper and
lower respiratory tracts. Limiting any inflammation or immunopathology associated with complement
activation may be beneficial for maintaining barrier integrity. Nevertheless, significant levels of
complement and its breakdown components are found in the respiratory tract after many different
infections (Mateu-Borras et al.,, 2022, Wells et al., 2014, Satyam et al., 2021). This means that
complement can be activated in the respiratory tract and so in some circumstances may have negative

impacts on the host.

In summary, we have identified activation of the classical complement pathway after vaccination
against COVID-19, or after COVID-19 infection. Future studies will help us further understand how
complement is activated in the presence of antibodies and how this may contribute to protection and

harm in those who encounter this pathogen.
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Supplementary Figure 5.1: Anti-S and N IgM and 1gG3 responses in sera from different groups after infection
or vaccination. Serological responses were assessed by ELISA using HRP labelled a) anti-lgM and b) 1gG3 against
0.1ug purified S or N. Kruskal-Wallis with Dunn’s multiple comparisons test was used to test significance. a and
b indicate that the groups bracketed were individually significantly different to the NEG group; c indicates that
NEG, VACC and DOUBLE VACC are independently significantly different to NHC. *** p < 0.001, ** p < 0.01, p <

0.05. Bars represent median values for each group. NEG, n = 22. VACC, n = 9. DOUBLE VACC, n =19. NHC, n =
21. ITU-CONV, n = 20.
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Supplementary Figure 5.2: Correlations between (A) IgG1 and C3b or (B) IgG1 and C5b for S and N. Correlations
of data obtained in Figs 1c and 1d, and Figs 3a and 3b were plotted. XY pairs, n = 91. Spearman correlation was

used to assign r and p values.
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Supplementary Figure 5.3: Results of comparisons between IgG1 or IgG3 and C1q and C3b from sera with low
levels of IgM to S and N. Scatter graphs showing IgG1 vs Clq, 1gG3 vs C1q, 1gG1 vs C3b or 1gG3 vs C3b for the
sera contained in the blue or red boxes shown in Figure 5.
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DOUBLE ITU-
NEG | VACC NHC

VACC CONV
S IgGAM [ 0.72 2.50 2.95 2.28 3.32
N IgGAM | 0.28 0.26 0.22 0.60 0.72
S 1gG1 0.07 1.38 1.49 1.22 1.71
N 1gG1 0.34 0.18 0.14 1.10 1.09
S IgM 0.16 0.20 0.33 0.42 0.30
N IgM 0.20 0.23 0.34 0.20 0.31
S 19gG3 0.07 0.42 0.15 0.20 0.19
N IgG3 0.07 0.06 0.05 0.16 0.12

Supplementary Table 1: Summary table of median antibody optical density values against S and N in different
patient groups. Median values obtained from data in Figure 1 and Supplementary Figure 1. n > 18 for all groups.

END OF PAPER
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5.2 Discussion

Our paper confirms that both spike and nucleoprotein can activate the classical complement pathway
in vitro. In this short discussion, in addition to the one in the paper, | aim to show how our work fits in
with literature published during/after our submission, and what this might mean more broadly in

terms of classical pathway activation in COVID-19.

One study published while we were finalising our manuscript mirrors what we find with deposition of
C3, C4 and C5b-9 in vitro, as well as positive correlations of these with IgG levels. However this study
was limited to assessing responses to S protein using convalescent samples (Jarlhelt et al., 2021). A
further study looking at maternal transfer of SARS-CoV-2 antibodies in mice has also showed Clq
deposition on S protein, with this positively correlating with 1gG level (Agostinis et al., 2023).
Furthermore, other studies have shown deposition of Clq on various cells and tissues in COVID-19
patients, including brain endothelial cells and platelets (Lee et al., 2022), blood monocytes (Lage et al.,
2022), kidneys (Jamaly et al., 2021), cardiac macrophages (Weckbach et al., 2022) as well as the lung,

skin and liver deposition shown early on in the pandemic (Magro et al., 2020, Macor et al., 2021).

Despite consistencies between the studies above, there are studies whose findings differ. For instance,
despite Magro et al. (2020) showing co-localisation of C4d and C5b-9 with spike protein in the lungs,
another group failed to replicate this in their study. Niederreiter et al. (2022) did not see a significant
increase in C1q deposition in their COVID-19 lung autopsy tissue compared to controls, and could only
identify spike protein in 22% of lung samples. Many of the complement deposits and spike protein
colocalization shown in Magro et al were in the microvasculature, which Niederreiter were unable to
study due to poor tissue quality, which could perhaps explain the discrepancies between these studies.
Furthermore, 19/38 of the Niederreiter cohort had an iliness duration of <10 days, so even where spike
protein was present in the lung tissues, the short duration of illness could mean a lack of anti-spike

antibody for the Clq to bind to.
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It is important to state that not all of the studies mentioned above looked for co-localisation of SARS-
CoV-2 proteins, while some looked, but could not find evidence of SARS-CoV-2 presence in their tissues
(eg. brain (Lee et al., 2022) and heart biopsy (Weckbach et al., 2022), although another study found
SARS-CoV-2 can be found in the heart, but infected cells were very rare, with a median of 1 infected
cell/cm? (Bearse et al., 2021)). Therefore, although our paper shows classical pathway activation can
take place in response to SARS-CoV-2 proteins, it is worth remembering that not all papers reporting
Clq deposition in vivo have shown whether this is related to COVID antigen-antibody complexes, or is

a more generic, secondary inflammatory response.

One study that demonstrates this secondary complement upregulation is that by Zhang et al. (2023),
focussing on the vasculature. They used conditioned media from SARS-CoV-2 infected (or mock
infected) hACE2-A549 epithelial cells and investigated the effects of this media on human lung
microvascular endothelial cells (HLMVECs). The HLMVECs cultured in the conditioned media from
infected epithelial cells media (compared to the mock infected cell conditioned media) for 24 hours
had upregulated levels of C3, C3aR1, FB and C1QA mRNA and protein (Zhang et al., 2023),
demonstrating secondary complement upregulation due to the local proinflammatory environment,

rather than SARS-CoV-2 proteins themselves.

Whilst the liver is believed to be the main organ that synthesises circulating complement, production
of complement is not restricted to this organ (Kolev et al., 2014, Lubbers et al., 2017). C1q (along with
Clr/s, C4, C3 and C5) can be produced by numerous immune cells, including monocytes, macrophages
and dendritic cells (Lubbers et al., 2017), as well as endothelial cells (Morgan and Gasque, 1997). This
production can be triggered by local inflammation, with many cytokines, such as IFN-y and IL-1, known
to stimulate complement synthesis (Falus et al., 1990, Zhou et al., 2001). Therefore, although some of
the studies mentioned above show an increase in Clq, it is difficult to distinguish in vivo between

increased production of components, and actual initiation and further downstream activity of the
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complement pathway in these locations, without staining for multiple components at once. Whilst our
paper has shown that classical complement activation is very much possible where SARS-CoV-2
proteins reside, clearly other mechanisms related to the general inflammatory nature of COVID-19 will
be involved where SARS-CoV-2 proteins are not found (or found very sparsely), such as in the brain

and heart (Lee et al., 2022, Weckbach et al., 2022).

For example, classical pathway activation could be taking place via non-SARS-CoV-2 antibodies, such
as natural antibodies or autoantibodies. Many autoantibodies have been linked with COVID-19,
(reviewed in detail in (Damoiseaux et al., 2022)) varying from angiotensin-Il (vasoconstricting peptide)
(Briquez et al., 2022) to E-selectin (cell adhesion molecule expressed on endothelial cells) (Juanes-
Velasco et al., 2022), to cytokines such as IL-1B, IFN-y, IL.-21 and GM-CSF (Wang et al., 2021, Manry et
al., 2022). With all these examples present in the blood vessels, they could potentially be activating

the classical pathway in sites distal to the actual SARS-CoV-2 infection, rather than SARS-CoV-2 itself.

In conclusion, our results show that classical complement pathway activation by SARS-CoV-2 spike and
nucleoprotein in the presence of specific antibodies is possible, and that antibodies from non-
hospitalised convalescent patients differ in their ability to activate downstream complement
compared to ICU-convalescent patients. The downstream complement responses of double vaccinees
are of similar levels to that of ICU-convalescent patients against spike protein, with these groups
depositing the highest levels of C3b, C4b and C5b on spike protein out of the cohorts tested. Our work
is consistent with subsequently published work, although one must be mindful with autopsy and blood
measurements that look at C1q alone that deposition may not always be directly linked to SARS-CoV-
2 proteins as shown in our study, but could be due to binding to C reactive protein for example, or
increased expression due to the local proinflammatory environment. These considerations further add

to the complexities of determining the mechanistic intricacies of COVID-19.
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CHAPTER 6: FINAL DISCUSSION

In this thesis, inflammatory host responses to the pathogens Salmonella Typhimurium and SARS-CoV-
2 have been investigated. A wide variation in host platelet responses were seen to STm strains, which
is likely due to the levels of antibodies that recognise Salmonella in the donor plasma. In a physiological
blood flow system, STm was able to bind to endothelial cells, with platelets binding to these primed
ECs. Looking at SARS-CoV-2, both spike and nucleoprotein are able to activate the classical
complement pathway, with the strength of downstream complement activation differing across
different convalescent and vaccinated patient groups. In this final discussion, | aim to bring together
the work done in my three chapters, focussing on platelets, endothelial cells, and complement, and

how this triad of components could be involved in severe host-responses to pathogens.

6.1  Mechanisms behind donor variation in platelets to Salmonella

In chapter 3, | show that donor variation in platelet responses to STm is likely due to differing levels of
Salmonella-binding antibodies present in the plasma. My proposed mechanism behind this is shown
diagrammatically in Figure 6.1. In a donor who has little Salmonella-binding antibody, the chances of
the antibody coming into contact with a Salmonella molecule are low, as are the chances of this
complex binding to platelet FcyRIIA. However, if these interactions do occur, due to the low level of
antibody on the Salmonella molecule, and the low affinity of the Fc domain for FcyRIIA, the platelet
FcyRIIA receptor is unable to be cross-linked/clustered, so platelet activation does not occur (Figure
6.1, top panel). In a donor who has a higher level of Salmonella-binding antibodies, there is an
increased probability of antibody-Sa/monella complexes forming, and of these interacting with platelet
FcyRIIA. In this case, the higher level of antibody bound to Salmonella is able to cross-link FcyRIIA and
cause the receptors to cluster. This triggers downstream signalling leading to platelet activation, and

ultimately platelet aggregation (Figure 6.1, bottom panel).
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Figure 6.1: Diagram of hypothesised mechanism for donor variation in platelet responses to Salmonelia.
Briefly, in the top panel, the donor has few Salmonella-binding antibodies, so any antibody-antigen
complexes binding to platelets are unable to cause FcyRIIA clustering, therefore the platelet is not activated.
In the bottom panel, the donor has many anti-Salmonella antibodies, so the antigen-antibody complexes are
able to induce FcyRIIA clustering, leading to downstream signalling and platelet activation. Positive feedback
mechanisms then cause further platelet aggregation.

Given antibodies signal via FcyRIIA, an interesting point to raise here are the findings of the Salmonella
mouse model. Platelet activation in response to Salmonella infection takes place in these mice, leading
to thrombus formation in the liver and spleen, but the mechanisms must be different, as mouse
platelets do not express FcyRIIA, so therefore cannot activate platelets via the mechanism proposed
here for humans. This is perhaps one potential explanation as to why human platelet aggregation in
vitro can take place in the space of minutes, yet in vivo in the mouse takes one and seven days for the
spleen and liver respectively. The CLEC-2/podoplanin axis has been shown to be important in mice for
thrombus formation in response to Salmonella. Whether this is the case in humans is currently
unknown, but given the findings of this thesis, one could hypothesise this pathway would likely play a
lesser role in humans compared to mice, especially as CLEC-2 expression on mouse platelets is over 10

times greater than on human platelets (Gitz et al., 2014, Zeiler et al., 2014).

Only IgG levels were measured in this thesis as human platelets do not have any other antibody

receptors. However, in vivo, or in whole blood, other antibody isotypes could be important. For
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instance, IgM is the most efficient antibody at engaging the complement system. As discussed in
introduction section 1.5.6, platelets have the complement receptor Clq, albeit expressed at a low level
(Burkhart et al., 2012), and may express C3R upon activation (Martel et al., 2011). Therefore, there is
the potential for IgM levels to influence platelet aggregation via these. Of course, this would require
further research, and the confirmation that complement is indeed capable of causing platelet
activation upon binding to platelet complement receptors, but this would be something worth

exploring.

With the link between IgG levels and aggregation demonstrated in this thesis, it could be suggested
that development of a drug targeting FcyRIIA would be worthy of more research. FcyRIIA however is
also expressed on monocytes, macrophages, neutrophils, eosinophils, basophils, mast cells and some
T cell populations, where it has roles in stimulating phagocytosis, granulocyte release and even perhaps
enhancement of T cell proliferation (Anania et al., 2019). Therefore, any drug aiming to block the
interaction between IgG-Salmonella complexes with the aim of reducing platelet activation/thrombus

formation, would also affect the broader immune response, which could have many undesired effects.

One thing to note is that the concentration of bacteria required in this thesis to induce platelet
responses is very high. The STm strains were regularly used at a final concentration of
~3.3 x 108 CFU/ml|, in contrast to the average blood culture result of iNTS patients of 1 CFU/ml (Gordon
et al.,, 2010). Whilst blood culture findings could be an underestimate due to the potential of
Salmonella binding to the endothelium, the concentrations in blood are still not going to reach those
used in this thesis. However, it is not uncommon for bacterial-platelet interaction studies to use high
concentrations of bacteria, with the amounts of Sa/monella used here in the same order of magnitude
as many other bacterial-platelet interaction studies (Ford et al., 1996, Arman et al., 2014, Corcoran et
al.,, 2007, Keane et al., 2010b, Kerrigan et al., 2002). One must also bear in mind that the high

concentration of bacteria used are allowing platelet aggregation to take place very quickly, within 30
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minutes. In comparison, in the mouse model, thrombi occur after 1 and 7 days in the spleen and liver
respectively. Duration of illness in humans with iNTS has limited study data (Marchello et al., 2022) but
tends to be in the order of weeks. Therefore, whilst the experiments are not physiological in this way,
with high concentrations of bacteria allowing an artificially fast response, they still provide a useful

setting in which to elucidate the potential mechanisms involved at the molecular level.

6.2 Complement and COVID-19

Whilst our paper showed the SARS-CoV-2 proteins S and N are capable of activating the classical
complement pathway in vitro, and many studies have shown increased levels of both blood
complement and complement deposits in patients with severe COVID-19 (Boussier et al., 2022,
Defendi et al., 2021, Holter et al., 2020, Lage et al., 2022, Ma et al., 2021, Macor et al., 2021), it is still
unclear as to whether the complement system is playing a positive role, helping to clear SARS-CoV-2,
or whether its dysregulation is causing more harm than good by damaging the host. This proves to be
a very difficult question to answer, and as seen for platelet responses to Salmonella in chapter 3, could
be variable between individuals. Defendi et al. (2021) studied complement activation markers of 74
hospitalised COVID patients, clustering them based on these markers. Interestingly, the cluster of
patients with the highest levels of alternative and lectin complement pathway markers had the worst
outcomes, with the highest proportion of patients requiring oxygen treatment, ICU treatment, or
dying. This has been confirmed in other studies by assessing RNA levels of markers (Boussier et al.,
2022), and in another study that looked at alternative pathway markers only (Siggins et al., 2023). In
contrast, the cluster with the highest classical complement pathway markers had the lowest mortality,
and low requirements for oxygen or ICU treatment. However, one study found severe disease in their
cohorts was marked by higher levels of classical pathway activation (Devalaraja-Narashimha et al.,
2023), with a further group linking C1q, C1r (classical pathway) and Factor D (alternative pathway) to
fatal outcomes (Georg et al., 2022). Interestingly, this group also showed that higher levels of Factor |

(which inhibits classical and lectin pathways) led to better outcomes (Georg et al., 2022).
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As well as these contrasting studies obtaining different results, the issue of whether complement
activation is a helpful or harmful response is further complicated in Defendi et al. (2021) by the other
two patient clusters. Both clusters had normal levels of all complement markers, yet half (and
therefore split into one cluster) of the patients had severe disease, whilst the other half had low levels
of ICU treatment and mortality, highlighting that other factors aside from complement are involved in
severe disease. There still remains much research to be done to establish which complement pathways
are helpful in clearing SARS-CoV-2, and whether this is true for all patients, and at what point the

complement response switches from helpful to harmful.

One perspective that seems to have been sidelined is the impact of complement regulatory proteins.
A large number of complement studies have focused on the complement system from the perspective
of complement activation markers, but if damaging host responses were occurring due to complement
dysregulation, perhaps investigating abnormalities or polymorphisms in regulatory proteins such as
Factor H, Factor | and decay accelerating factor would be of use. This indeed has been done, but to a
much lesser extent than studies on the actual complement activation itself. Ramlall et al. (2020)
showed genetic defects in Factor H and decay accelerating factor associated with COVID-19 disease
severity. The Factor H missense variant has also been implicated in severe COVID-19 by Asteris et al.
(2022) and Gavriilaki et al. (2021). Whilst this variant appears to be linked to severe COVID-19, it does
not appear to extrapolate to patient mortality, with Tsiftsoglou et al. (2023) finding no differences in

Factor H SNPs between survivors and non-survivors.

Whilst it is still debated which complement pathways play a role in increased disease severity, and at
which stage of the disease timeline these responses occur, one part of the COVID-19 pathology that

can be agreed upon is the link to endothelial dysfunction and coagulation.
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6.3  The endothelium, complement and platelets in COVID-19

In severe COVID-19 Georg et al. (2022) showed that the inflammatory environment caused by the
complement system promotes differentiation of T-cells to the highly cytotoxic CD16+ phenotype,
which promote microvascular EC injury. The complement system has also been linked with EC
activation markers in other studies, both in vitro and in vivo. In vitro, using human microvascular cells
and serum from COVID-19 patients, Aiello et al. (2022) showed that C5a leads to exocytosis of VWF
and P-selectin on ECs, which then leads to significant platelet aggregation. Increased VWF and P-
selectin expression on ECs was confirmed by a separate group (Perico et al., 2023), who used a blood
flow model to show the spike protein S1 subunit was able to cause this, which then led to platelet
aggregation on the EC surface. Investigating further, they found that treating the ECs with a
complement source prior to whole blood perfusion increased the area of platelet aggregate formation
by 10 times, as well as increasing the levels of VWF deposition. Increased levels of VWF and C3 deposits
after spike S1 injection were also seen in a humanised ACE2 transgenic mouse model (Perico et al.,
2023). These studies fit with patient studies that have shown sC5b-9 levels correlate with VWF levels,
both of which parallel with disease severity (Cugno et al., 2021) and in observation of complement

deposits on ECs in the lungs, kidney and liver of COVID-19 autopsy patients (Macor et al., 2021).

These studies lead me to hypothesise the triad of endothelial cell damage, complement activation and
platelet aggregation are all possibly potentiating each other, exacerbating dysfunction and leading to

severe disease, as will be discussed below.

6.4 Parallels between iNTS and COVID-19

It is at this point one can take a step back and assess the parallels between iNTS and COVID-19. In
terms of clinical presentation, both diseases reach their maximum severity after 7-10 days of infection,
something which could be key to the mechanisms of host damage caused by these pathogens. Both

iNTS and SARS-CoV-2 are able to cause EC damage, as shown in Chapter 4 and in Nader et al. (2021).

165



This EC damage has the ability to lead on to platelet adhesion and activation, causing thrombosis in
both diseases. Both are also able to activate the complement system. For COVID this has been
discussed above, but STm is also capable of activating complement. Salmonella LPS components are
able to activate different aspects of the complement system — O-antigen can cause alternative pathway
activation, and lipid A is able to activate the classical pathway (Krukonis and Thomson, 2020). Whilst
this is usually helpful to the human immune system, allowing clearance of the bacteria, Salmonella has
evolved ways to evade clearance by the complement system, with very long O-antigen repeats (as seen
in STm) shown to provide resistance to serum complement killing (Krukonis and Thomson, 2020). In
terms of platelet aggregation, whilst this thesis has shown that STm can activate platelets in
aggregometry testing, this is not the case for SARS-CoV-2 (Puhm et al., 2022, Kusudo et al., 2023).
Clearly in COVID-19, despite this lack of direct platelet activation, microthrombi are still able to form,

likely due to the damaged and activated endothelial cells.

Infection by
/ pathogen
-._\_\‘ Da(‘b
Og@f)s
Antibody eq’f’c
productlon
complement Endothelial cell A
activation damage leading —— Platelet activation

to cell activation

\_ L/

Activation of
coagulation cascade » Thrombosis

OUTCOMIE = dysregulated response leading to severe disease

Figure 6.2: Possible interactions between pathogens, endothelial cells, complement and platelets, leading to
dysregulation of immune response and severe disease in the host. Interactions shown occur in both invasive
Salmonella Typhimurium infections and SARS-CoV-2 infection. Platelet activation is pathogen specific —
Salmonella Typhimurium is able to activate platelets but SARS-CoV-2 is not.
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Figure 6.2 summarises these possible interactions between pathogens, the endothelium, complement,
and platelets, as well as the coagulation cascade. Both COVID-19 and STm are able to induce
endothelial damage, which can trigger the coagulation cascade and lead to thrombus formation. STm
is also able to act on platelets, leading to thrombus formation via antibody-STm complexes. In parallel
to this, both STm and COVID-19 are able to activate the complement pathway, leading to release of
proinflammatory mediators. This can lead to further endothelial cell damage and/or activation, as
shown in COVID-19, providing a positive feedback loop (Aiello et al., 2022, Perico et al., 2023, Zhang et
al., 2023) — further research is needed to establish whether this can occur in iNTS. Cross-talk between
the complement pathways and the coagulation cascade can take place, as reviewed in Pryzdial et al.
(2022), which could provide further positive feedback loops. Given the complexity of interactions
between pathogens, ECs, complement and platelets, and how activation of one area can lead to
activation of another, with positive feedback loops forming, it becomes understandable how
dysregulated host immune responses are able spiral out of control. Clearly due to the complexity of
the pathways involved, much more research is needed before this hypothesis could be confirmed or
denied, and further complexities are introduced when considering the role of neutrophils and NETSs,
along with other immune cells. Due to the complex interactions between components, studying
dysregulated host responses as a whole is very difficult. An advantage of mouse models is that they
allow experiments looking at the bigger picture and interactions between different components of the
vasculature. Although there are similarities between mouse models and humans, it must also be taken
into account that mice have many differences compared to humans, especially in terms of platelets
and immune responses (Mestas and Hughes, 2004), causing difficulties in extrapolating these results
to humans. This is where in vitro models are needed, however, it is currently still very difficult to model
all the aspects potentially involved in dysregulated host responses to pathogens in vitro. Research into
developing more advanced blood flow models in vitro is progressing (Mangin et al., 2021, Dellaquila et

al., 2021), but there is still a way to go until the complex interactions between platelets, endothelial
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cells, complement, and other immune cells such as neutrophils can be studied in tandem in vitro

helping us unravel the complexities of inflammatory dysregulation in response to pathogens.

6.5 Future work

Whilst there is clearly a vast amount of research to be done to untangle the complex mechanisms
behind host immune and inflammatory dysfunction in iNTS and COVID-19, work continuing from the

experiments carried out in this thesis could include:

e The use of super-resolution microscopy to investigate the relationship between FcyRIIA
clustering and platelet activation, and whether clustering levels differ between Salmonella
Typhimurium responders and non-responders

e Investigating how Salmonella affects other immune cells under flow conditions:

o Does NET formation occur?

o Can complement activate other immune cells upon activation by Salmonella?

o Further investigations on whether changing the anti-coagulant used causes different
platelet responses in aggregometry and under flow, especially regarding a potential
role for the complement pathway.

e Use of the blood flow model to identify similarities and differences between the effects of
Salmonella Typhimurium and SARS-CoV-2 on endothelial cells and platelets

e  With VWF deposits having a key role in COVID-19 pathogenesis, does VWF also play a role in
the Salmonella flow model?

e With sickle cell anaemia being a risk factor for iNTS (Lim et al., 2018), aggregometry and/or
flow experiments on these patients to see whether a higher degree of platelet activation is
shown, and whether other mechanisms are involved in these patients (with sickle cell blood

being a safer alternative to the more obvious HIV connection)
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e Further experiments on the structural components of STm that cause aggregation and/or
binding to endothelial cells using strains with common membrane proteins knocked-out to try
and elucidate why the three strains used in chapter 3 give different aggregation responses

e Investigating antibody levels and related complement activation from samples of those that
died of COVID-19 to see whether levels differed compared to those that survived

e Characterisation of the Salmonella Typhimurium donor complement responses to using the

complement ELISA. Do these results correlate with the platelet activation levels seen?

6.6 Conclusions

To conclude, this thesis has demonstrated that Salmonella Typhimurium strains are able to cause
platelet activation via indirect binding to the platelet FcyRIIA receptor through IgG antibodies. The
donor variation in platelet responses is likely caused by the differing amounts of antibody able to bind
Salmonella that donors have. A possible reason behind the responses varying by STm strain could be
differences in O-antigen chain length, which appear to play a role in enhancing aggregation responses.
Moving from a platelet aggregometry system to a physiological whole blood flow system confirmed

that STm can bind to endothelial cells, and that platelets are able to adhere to STm primed ECs.

Whilst this thesis has shown STm can cause thromboinflammatory host responses, SARS-CoV-2 can
also lead to these responses. To aid the global research effort into this pathogen, we showed that the
SARS-CoV-2 spike and nucleoproteins are able to induce the classical complement pathway once
antibody is present in the blood, and that these downstream complement responses differ between

non-hospitalised convalescent patients and those that required ITU treatment.
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