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Abstract

The global burden of Streptococcus pyogenes (Group A Streptococcus, GAS) infection related
diseases has resulted in widespread investigation into the virulence factors of the bacterium, in
an effort to produce a prophylactic vaccine. One vaccine candidate is the GAS pilus, which is
a long, filamentous cell surface anchored structure. GAS pili have been demonstrated to elicit

adaptive immune response but little is known about the innate immune response to the structure.

This study thus aimed to elucidate the interaction between GAS pili and components of the
innate immune system, using recombinant pilus proteins and whole assembled pili expressed
on the surrogate L. lactis bacterium to explore the immunomodulatory properties of the
complex. Pili interaction with toll-like receptors (TLRs) and their ability to activate immune
cells was explored in vitro with immunoassays, flow cytometry and reporter cell lines. The
inflammatory response elicited by the structure was also modelled using wax moth larvae and
the adjuvanting capacity of the pilus proteins was assessed using a mice intranasal

immunisation model.

Assays using TLR reporter cell lines depicted proteins physically interacting with and
activating TLR2, an attribute further consolidated in competition assays using a TLR2
antagonist. Furthermore, specificity of the pilus proteins for TLR2 in the TLR2/6 heterodimeric
form was revealed. Pilus proteins were also illustrated activating macrophages and inducing
upregulation of proteins and pro-inflammatory cytokines associated with the enhanced ability
of these cells to modulate the adaptive immune system. The wax moth larvae model indicated
that this pili mediated stimulation of innate immunity did not appear to be a contributor to
disease pathogenesis. Furthermore, immunisation of mice with pilus proteins conjugated to the
low immunogenicity influenza antigen M2e resulted in enhanced MZ2e specific antibody

production.

These results uncovered the previously undiscovered characteristics of GAS pilus proteins
being TLR2 agonists with the ability to prime innate immune cells to enhance adaptive immune
responses, without exerting deleterious effects on the recipient. This emphasises the suitability

of GAS pili as a vaccine candidate and highlights its potential as a vaccine adjuvant.
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Chapter 1: Introduction

1.1  Streptococcus pyogenes-an important human pathogen

Streptococcus pyogenes, or Group A Streptococcus (GAS), is a Gram positive, f-haemolytic
bacterial pathogen, which exclusively infects humans. This bacterium causes a wide spectrum
of diseases, ranging from self-limiting, superficial infections to severe invasive disease and

immune sequelae, as summarised in Table 1.1.

GAS has posed a persistent disease burden on the global population for centuries, with
literature describing GAS associated diseases spanning as far back as 1553 (1). GAS remains
a highly prevalent bacterium today, with the global incidence rates of GAS pharyngeal
infections estimated to be about 600 million per year and GAS infections attributed to about
600,000 deaths annually (2). Despite the global impact of this bacterium, there is currently no
vaccines available, with the highly variable nature of GAS strains proving to be an obstacle in

producing a vaccine with broad protection (3).

Table 1.1. Overview of major GAS associated diseases.

Disease Sign/Symptom
Superficial Infections
e Throat infections (e.g. pharyngitis)  Acute sore throat, fever (4)
e Skin infection (e.g. impetigo) Skin pustules which enlarge and break down
into scabs (5,6)

Invasive Infections
e Necrotising fasciitis Fever, toxemia, tissue destruction (7)
e Toxic shock syndrome Diffuse tissue damage, thrombosis and multi-
organ dysfunction (8)

Post Infection Sequelae

e Acute rheumatic fever (ARF) Polyarthritis, carditis, rapid and jerky
movements, rash (9-11)
e Rheumatic heart disease (RHD) Chronic damage to heart valves, stroke,
infective carditis (9-11)
e Acute post-streptococcal Renal dysfunction, edema, hypertension and
glomerulonephritis (APSGN) urinary sediment abnormalities (18-21)(6,11)

1.1.1 Disease burden

Although superficial infections are generally self-limiting, with annual global case numbers of

pharyngitis alone exceeding 600 million, they still cause major healthcare expenditure and
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illness burden. Pharyngitis for example, is estimated to be acquired by 15% of schoolchildren
and 4-10% of adults in developed countries annually. Incidence rates are even greater in
developing nations, with the number of affected individuals being 5 to 10-fold higher (12).
More pressing is the burden of the severe GAS associated diseases, such as immune sequelae
and invasive GAS infections, which affect roughly 18.1 million people globally. Focusing on
the most well documented, rheumatic heart disease (RHD), conservative estimates indicate that
about 300,000 deaths per year are attributable to the condition, and the total global population
of individuals with RHD may be as high as 19.6 million. Furthermore, RHD is the most
common pediatric heart disease, with over 2.4 million children between the ages of 5 and 14
affected (2,4).

The bulk of GAS diseases occur in low resource settings where poor sanitation, reduced access
to antibiotics, high rates of poverty and household crowding catalyse the spread of infection
and increase the prevalence of repeated infections (13,14). In fact, an estimated 95% of cases
of serious GAS diseases occur in low resource settings and in the case of acute post-
streptococcal glomerulonephritis (APSGN), incidence rates are 4 fold in such environments,
compared to affluent settings. This pattern is echoed when studying the rate of invasive GAS
diseases, where incidence was 1.5 per 100,000 in high income countries but in lower resource

settings such as Kenya, incidence was 13 per 100,000 (15).

Low resource settings with increased disease incidence are not restricted to developing
countries and may be found in pockets of socio-economically disadvantaged groups within a
developed country. This phenomenon is especially prominent in New Zealand, where a
disproportionate number of Maori and Pacific Islander populations are affected by GAS
infections, resulting in the country experiencing 3 fold greater rate of GAS diseases than other
developed countries (16). In fact, rates of invasive GAS are 5 times higher in Maori peoples
and 17 times higher in Pacific Islanders, compared to Europeans/Asians. Furthermore, these
communities have some of the highest rates of ARF in the world, second to sub-Saharan Africa.
While the rates of ARF declined by 71% in non-Maori/Pacific children between 1993 and 2009,
there was a 79% and 73% increase seen in Maori and Pacific children respectively, an outcome
which appears to be fueled by socio-economic deprivation (17-19). ARF poses a particularly
large health burden in New Zealand due to the possibility of disease progression to RHD, which

can evoke permanent injury and mortality. The cumulative annual costs of ARF and RHD are



upwards of NZD$12 million, translating to a prominent strain on the New Zealand healthcare

system (20).

1.1.2 Molecular Epidemiology

GAS consists of a plethora of genetically diverse strains, which are indexed in a number of
different systems. Categorising strains is very important for a bacterium with great diversity
such as GAS, as elucidating the correlation between clinical outcomes and strain types may
assist in identifying patients likely to become severely affected by their GAS infection.
Furthermore, it can inform vaccine development, highlighting which strains require particular
focus. Identification of the most commonly circulating GAS strains can supplement this
process and help engineer a vaccine that provides protection against the GAS strains most
likely to be encountered by an individual. Grouping of related GAS strains can also assist in

streamlining vaccines to achieve broad coverage without including all strains (21,22).

The first typing scheme developed was M typing, a serological method utilising antibodies
raised against the M protein, an antiphagocytic virulence factor extending from the cell surface.
M proteins present as an alpha- helical coiled coil dimer with a surface exposed hypervariable
N-terminus region. The sequence variation of these proteins at the N terminus dictates antigenic
specificity, and this is detected using M-protein specific antisera (23). More than 80 different
M serotypes have been identified thus far and in most cases, immunity against GAS infections
is specific to M types (23,24). In addition to M proteins, the T antigen is also used as a
serological marker to group GAS strains. This grouping system involves agglutination of
trypsin treated GAS cells with T-antigen specific antisera. Around 22 distinct T types have
been defined, most of which can be correlated to M types. However, specificity is lower, with
multiple M types sharing the same T type (25,26).

More recently, M protein serotyping has been replaced with emm typing, a molecular typing
system based around the M protein gene sequence. The first 30 codons of the hypervariable
amino terminus of the protein is examined and emm types are classified as unique when they
have <92% nucleotide identity across this region, compared to other emm types. Currently,
over 200 emm types have been determined and surveillance reports have demonstrated a
correlation with specific clinical presentations (Table 1.2) (27-29). These emm types can be

further grouped by emm pattern typing, which clusters emm types into three groups (A-C, D



and E) based on the presence and arrangement of emm or emm-like genes. This grouping system
correlates with tissue tropism; pattern A-C strains are mainly isolated from oropharyngeal
infections and thus referred to as the “throat specialists”, pattern D strains are usually associated
with superficial skin infections (“skin specialists”) and pattern E strains are commonly found
at both sites of infection (“generalists”) (21). Analysis at the emm pattern level can reveal
disease associations as well as provide insight into pathogenesis. For instance, it was found that
the majority of GAS strains isolated from ARF patients in New Zealand was pattern D strains

(skin tropism), suggesting a role of skin infections in disease progression (30).

Table 1.2. Example of specific clinical presentations and associated M types. Table adapted
from (29,31,32).

Clinical Presentation M type of associated strains

Pharyngitis M1, M3, M5, M6, M12, M14, M17, M19,
M24

Impetigo M33, M41, M42, M52, M53, M70

Acute rheumatic fever M1, M3, M5, M6, M11, M12, M14, M17,
M18, M19, M24, M27,M28, M29, M30,
M32, M41

Acute post-streptococcal glomerulonephritis M1, M4, M12, M49, M55, M57, M60

Necrotising Fasciitis M1, M3, M28

Streptococcal toxic shock syndrome M1, M3

1.2 GAS pathogenesis

GAS infection is initiated by adherence to host cells facilitating bacterial colonisation. It has
been hypothesised that adherence is a two stage process. Reversible, hydrophobic interactions
between bacterial surface components and the host cell extracellular matrix counteract the
electrostatic repulsion between bacteria and host cells in order to establish initial contact. This
is followed by irreversible, high affinity binding between GAS adhesion proteins and specific
host cell receptors (33,34). Lipoteichoic acid (LTA) is an example of an adhesion factor
postulated to contribute to the first stage of adherence, whilst M protein is an adhesin implicated
in the second stage of adherence (35,36). There is also a wide array of molecules that bind to
host fibronectin, a ubiquitous glycoprotein found in extra cellular matrix and as a soluble

protein in plasma (33). GAS pili are a recently identified surface bound virulence factor critical
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for the binding and colonisation of host cells. Observations of the pili mediating adhesion to
various cell lines and primary tissue cells have indicated their role in the host tissue specific
adherence of GAS (37-39).

Once infection is established, GAS bacteria must undergo cellular invasion and dissemination.
Fibronectin binding proteins can encourage invasion by inducing a phagocytosis like uptake
into endothelial cells (40). Secreted virulence factors are also heavily involved in the spread of
GAS to deeper tissue. One such protein group is the secreted streptolysin toxins, which
oligomerise within the cytoplasmic host cell membrane to form transmembrane pores which
facilitate cell lysis and expedite the movement of GAS into deeper tissue (41). Another
virulence factor associated with invasion is streptococcal pyrogenic exotoxin B (SpeB), a
cysteine protease that aids the spread of GAS by degrading a variety of proteins such as

components of the extracellular matrix and complement factors (42,43).

GAS bacteria must evade the host immune system to maintain survival in the host. Streptolysin
can be deployed again at this stage, forming pores on the host cell membrane to promote
necrosis or apoptosis (44). SpeB also drives immune evasion by hydrolysing individual
immune proteins such as complement components, cytokines, chemokines, anti-microbial
peptides and immunoglobulins (45,46). Fibronectin binding proteins and M protein can also
contirbute to immune evasion, by halting the process of C3b mediated opsonophagocytosis and
reducing C3b deposition respectively (47—-49). In addition to the aforementioned proteins, there
are a multitude of virulence factors which facilitate GAS surival through processes such as

adhesion, internalisation, invasion, dissemination and anti-phagocytic activity (50).

Subsequent to infiltration and immune evasion, GAS may trigger toxic shock syndrome (TSS),
a severe systemic inflammation which can result in shock and multi-organ failure. The
pyrogenic exotoxins responsible for this phenomenon are referred to as superantigens (SAgs),
and these molecules are able to directly bind to MHC Il molecules on antigen presenting cells
(APCs) and the variable Vbeta region of T cell receptors, away from peptide-specific
recognition sites (51). This simultaneous attachment to both structures results in low specificity,
excessive T cell activation, and the uncontrollable release of pro-inflammatory cytokines,

referred to as a “cytokine storm”(51,52).



1.3  GASPIli

Pili (sing. pilus) refer to the polymeric, non-flagellar organelles extending from the bacterial
cell surface. These appendages were first discovered in the 1950s on Gram-negative pathogens
and were extensively characterised over the following five decades. Pili were subsequently
observed in Gram-positive bacteria, starting with Corynebacterium species and followed by

Streptococcus species, but their properties are still comparatively poorly understood (53).

Pili found in Gram negative bacteria are typically assembled via non-covalent polymerisation
of pili subunits, and based on their pathways of biosynthesis, have been grouped into 5 different
classes (54). On the other hand, Gram positive pili are covalently linked structures which can
be separated into two separate categories based on size. Some species of Gram positive bacteria
have short, rod-like pili between 70 and 500 nm in length attached to the cell surface, whilst

other bacteria have longer, hair-like pili extending up to 3 um (53,55).

Pili were identified on GAS in 2005, joining Streptococcus pneumoniae and Streptococcus
agalactiae as the streptococcal pathogens reported to possess pili. The discovery of pili on
GAS was preceded by studies describing the presence of covalently linked pili on
Streptococcus agalactiae and C. diphtheria. Both organisms utilise a sortase enzyme to
catalyse the linkage between surface proteins possessing conserved pilin motifs and containing
a cell wall sorting signal (56). Based on this information, complete GAS genomes and GAS
sequences were searched for genes coding proteins containing the LPXTG motif and genes
coding sortase enzymes closely linked together. Sequences matching this description were
found within a pathogenicity island referred to as the Fibronectin-binding, Collagen-binding
T-antigen (FCT) region (25,56). This suggested the presence of GAS pili encoded by the FCT
region. Further confirmation was provided using immunoblots for cell wall components of 4
GAS strains with antisera specific for LPXTG containing proteins. The immunoblots resulted
in a ladder of bands with high molecular mass, mirroring the immunoblots of linked pilin
components of C. diphtheria and Streptococcus agalactiae. Furthermore, immunogold electron
microscopy of these strains with LPXTG protein antisera uncovered pili-like structures

protruding from the surface of the bacteria (56).



1.3.1 The Fibronectin-binding Collagen-binding T-antigen region

The FCT region is a pathogenicity island approximately 11-16 kb in length, flanked by highly
conserved sequences (57). Each GAS strain possesses one FCT region and to date, nine
different FCT types have been identified (Figure 1.1). These regions can be highly diverse
across different GAS strains, with sequence similarity of particular genes between different
FCT regions as low as 20%. However, there are common characteristics found across the range
of FCT types. One example is the region containing sequences for either one or two
transcriptional regulators. One of these is always a regulator either part of the nra or rofA
lineage and is positioned upstream of the FCT region. There are also genes encoding one or
two fibronectin binding proteins and sortase enzymes within the island. Finally the region
contains the sequences for the protein subunits that make up the GAS pili (26,58). There are
three structural pilus proteins (pilins); the major subunit which is known as the backbone pilin
(BP) and the two minor subunits, ancillary pilin 1 (AP1) and ancillary pilin 2 (AP2). The BP
is in fact the T-antigen, the surface protein which had been extensively used as a serological
marker long before the pili were identified in GAS. In line with T typing having lower
specificity than M typing, the same BP variant appears to be shared by strains of different M
types (26,57).
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Figure 1.1. Gene organisation of the antigenically different FCT regions identified thus far.
Dark gray arrows are transcriptional regulator genes, blue arrows are fibronectin-binding
protein genes, green arrows are previously reported or inferred surface-expressed pilus protein
genes, hatched gray arrows are sortase genes or putative genes encoding sortase and light gray
arrows are other open reading frames. Adapted from (57).



Falugi et. al. surveyed the FCT region of 57 GAS strains and revealed a total of 15, 14 and 5
sequence variants of the genes encoding for BP, AP1 and AP2 subunits respectively. While BP
variants found within FCT-3 and FCT-4 showed up to 81% sequence similarity, the BPs from
the remaining FCT regions shared less than 30% sequence similarity when comparisons were
made between BPs from any other FCT region. This pattern was mirrored when investigating
AP1; variants of AP1 in FCT-3 and FCT-4 were closely related while there was significantly
less similarities when contrasting AP1 variants from other sets of FCT regions. There is
evidence of interstrain recombination within this section of the pathogenicity island, most
apparent when comparing FCT-3 and FCT-4. For example, two M44 strains bearing FCT-3
and FCT-4 respectively shared the same BP variant but had differing AP1 variants. Conversely,
M11 and M28 both harbored FCT-4 but had differing BP variants associated to the same AP1
variant. This gives an indication that pilus components have been exchanged between FCT
regions. In contrast to BP and AP1, AP2 is relatively conserved within each FCT region,
irrespective of strain or M type carried. It has been suggested that this lack of variability is
correlated to the fact that AP2 is less exposed on the surface of the bacteria (26,56).
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Figure 1.2. Variation in GAS pilus subunit types. Phylogenetic trees based on (A) backbone
pilin-BP, (B) collagen-binding protein of Group A streptococci-AP1 (C) and ancillary pilin 2-
AP2 gene sequences. Different variant groups are represented by different colours and an
example of M serotype associated is given. Adapted from (26).



The variability of the FCT regions also include the pili expression regulatory factors encoded
in the pilus locus. As mentioned above, all FCT regions regardless of type possess one of the
regulators from the global regulatory RALP family, either nra or rofA (59). However, these
regulators demonstrated heterogeneity in its effects on pilus expression across different strains
(59,60). Divergence is also seen in regulatory mechanisms situated outside of the FCT locus.
For example FasX, a small regulatory RNA which post transcriptionally inhibits pilus
expression by reducing the stability of pilus operon mRNA, targets BP genes in some GAS
strains and AP in other strains (61,62).

The response to changes in the environment has also been found to differ between strains. For
example, strains with FCT-2, 3 or 4 demonstrated pH dependent pilus expression, with
production only occurring in acidic conditions, whilst FCT-1 strains expressed the complex
irrespective of pH (63). In addition, bistable expression levels of the structure can occur in
some strains, where genes are not expressed in a uniform matter, resulting in subpopulations

with differing levels of protein production (58).

1.3.2 Structure

The construction of GAS pili is facilitated by sortase enzymes, which are membrane associated
cysteine transpeptidases. These enzymes recognise proteins that possess a cell wall sorting
signal (CWSS) at the C terminus; consisting of one variant of the LPXTG-like sortase
recognition motif followed by a block of hydrophobic residues and a positively charged tail.
(37, 38).

The backbone chain of the pilus consists of 10-100 BP subunits covalently linked together (66).
Crystal structures of the protein have revealed that BP consists of 2 or 3 domains made entirely
of B sheets. Attachment of each BP monomer to its successive subunit was found to occur via
linkage between a C terminal CWSS cleavage site and a conserved lysine residue. Sortase
enzymes cleave between the peptide bond of threonine and glycine in the recognition motif
found within the CWSS to form an acyl-enzyme intermediate. Nucleophilic attack of the pilin
motif lysine residue of the adjacent subunit then facilitates the formation of an amide bond
between the new cleaved C terminus CWSS and that lysine residue (67,68). The importance of

the lysine residue was demonstrated with expression of a mutant BP where the lysine residue



was replaced with arginine. This resulted in the subunit solely being produced in a monomeric

form, indicating the loss of polymerisation (69).

Whilst the BP spans the majority of the structure, the base subunit and tip subunit of the pili
consist of the minor pilins AP2 and AP1, respectively (Figure 1.3) (68). Although the minor
pilins make up a very small proportion of the pilus, they are fundamental for correct pili
structure and localisation, as demonstrated by strains with mutations in these subunits. Studies
utilising GAS minor pilin deletion mutants revealed that in a mutant M1 strain CSF370 devoid
of AP2, the expressed pili were found in the supernatant of the bacterial culture, as opposed to
being attached to the bacterial cell wall. In comparison, pili of the AP1 deletion M1_CSF370
strain still localised to the cell wall. This exhibited the role of AP2 in linking pili to the cell
wall (70). Studies in several different FCT type strains have indicated that the process of
anchorage to the cell wall via AP2 requires the “housekeeping sortase” Sortase A (SrtA). It has
been shown that the housekeeping sortase cleaves between threonine and glycine of the sortase
recognition motif to form an acyl enzyme intermediate, which is subsequently linked to free
amino acids on the cell wall peptidoglycan (64,70,71).
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Figure 1.3. Schematic diagram of pilus from GAS M1 strain SF370. The pilus consists of AP1
tip subunit (in orange otherwise referred to as Spy0125), up to 100 copies of BP backbone
subunit (in blue otherwise referred to as Spy0128) and AP2 base subunit (in green otherwise
referred to as Spy0130) which anchors the structure to the cell wall. Diagram created with
biorender.com.
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Whilst AP2 anchors the pili to the cell wall, AP1 is confined to the tip of the pilus. In an
engineered M1 _SF370 strain, where the lysine residue in BP used for polymerisation was
replaced with alanine, not only was BP found as a monomer, AP1 was unable to attach to this
modified BP monomer. This illustrates that AP1 attaches to BP via the same lysine residue
covalently linking BP monomers together. AP1 could only attach to BP at this particular lysine,
thus the subunit inhibits pili elongation by preventing further linage of BP subunits. This is
supported by electron microscopy of antibody labelled AP1 and BP indicating that AP1 is
always found capping a chain of BP subunits (69,70).

1.3.3 Function

Genetically modified versions of the pili and GAS strains with pilus gene deletions have been
extensively utilised in the identification of the complex as a virulence factor. Compared to wild
type M1_SF370 strain, mutants with deletions of the pilus sortase or backbone pilin displayed
five-fold reduction in adherence to human pharyngeal cell lines (39). A five-fold decrease in
adherence was also seen when wild type M6 GAS and AP1 deletion M6 GAS were tested for
association to a human epithelial cell line (37). Similarly, in M1T1 serotype the isogenic pilus
gene deletion strain showed a 87% reduction in keratinocyte adhesion compared to the wild
type bacteria (72). In addition to changes in adhesion to immortalised cell lines, pili deletion
mutants demonstrated decreased binding to primary keratinocytes and tonsil epithelium (38).
These studies demonstrate the ability of pili to facilitate binding of GAS to host cells present
in principle sites of infection and strongly suggest its role in colonisation during the early phase
of infection. Of note, the target protein for pili mediated adhesion to host cells was variable
between GAS strains and FCT types. Whilst pili in M1 (FCT-2), M3 (FCT-3) and M6 (FCT-
1) strains bound to the salivary glycoprotein gp340, the type 1 collagen has been reported to be
the binding partner of pili in the M12 (FCT-4) strain (73,74).

Pilus- mediated cellular adhesion also appears to have the ability to subsequently contribute to
the process of invasion, with deletion of pilus from M2 GAS ensuing in diminished bacterial
internalisation into cell lines (75). Furthermore, both M4 and M53 GAS demonstrated that the
presence of pili was instrumental for progression of invasive infections (76,77). These results
echoed observations of the closely related Group B Streptococcus pili facilitating invasion of

the blood brain barrier following attachment to host cells (78).
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Not only do GAS pili possess the ability to bind to host cells, they also appear to facilitate the
formation of biofilms. Upon incubation of wild type M1 _SF370 GAS with epithelial cells, the
formation of multilayered microcolonies was recorded (39). This phenomenon was not seen
when the BP deletion M1_SF370 strain was incubated in the presence of epithelial cells. On
polystyrene, wild type GAS had six-fold more efficient biofilm formation compared to the pili
deletion counterpart (39). Similar trends were observed when clinical strains were isolated,
corresponding pilus deletion strains were constructed, and the rate of biofilm formation was
compared (79). Although many GAS strains shared the capability to deploy pili to form
biofilms, the progression of this process was incongruous. Whilst the FCT-2 pilus from the M1
strain appeared to promote this phenomenon via auto aggregation, the FCT-1 pilus from the
M6 strain contributed to the initial attachment to cells required in the early stages of biofilm
growth (79,80). Furthermore, it has been observed that in GAS with certain FCT types, biofilm
formation was augmented at lower pH and was directly correlated to increased pilus expression
in more acidic environments. On the other hand, GAS strains possessing FCT-1 had high pilus
expression levels regardless of changes in pH and had stronger biofilm formation than bacteria
with other FCT types (63,81).

There is mounting evidence for the AP1 subunit’s role as the adhesive determinant in a variety
of GAS strains. In conditions where wild type GAS bound to tonsil cells in abundance, the
corresponding AP1 deletion mutant was functionally defective, despite forming detectable cell
surface pili (38). When M6 (FCT-1) pili were expressed on surrogate Lactococcus lactis, cell
binding was preserved in bacteria expressing both AP1 and BP but attenuated in L. lactis only
expressing BP (37). In line with these results, when purified pili subunit proteins were
incubated with a pharyngeal cell line, binding activity was not observed for BP but AP1
demonstrated dose dependent binding (39). Moreover, AP1 was demonstrated to bind to type-
1 collagen and displayed sequence homology to collagen and fibronectin binding proteins (73).
AP1 appears to also be responsible for the role of pili in biofilm formation, with biofilm
formation unaffected by the addition of BP antibodies to wild type GAS, while the addition of
AP1 antibodies resulted in abolition of biofilms (37). Despite the AP1 subunit primarily
contributing to pili mediated adhesion in the aforementioned GAS strains, the BP subunit
appears to be the key component of pili adhesive properties in other strains, re-iterating the
narrative of pili variability. This was seen in the pilus from serotype M2 GAS, with

significantly reduced bacterial binding to HaCaT cells observed following addition of BP
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specific antibodies but not antibodies binding to AP1 (75). The BP of M4 GAS was also
depicted to have substantial influence on pili adhesion to cell lines, with deletion of the subunit

abrogating bacterial binding to HaCaT cells (76).

Another facet of GAS pili function is the immune evasion conferred by the pilus structure. In
both M4 GAS and M2 GAS, the presence of pili enhanced the survival of bacteria in both
whole blood and cell lines (75,76). Pilus deletion in the M53 strain also resulted in decreased
bacterial fitness in a mouse infection model and attenuated survival in whole blood due to
increased phagocytosis, further alluding to the structure assisting in immune evasion to prolong
bacterial clearance from the host (82). As GAS have been demonstrated to avoid the host
immune killing mechanisms by surviving intracellularly in host cells, pilus-mediated cellular
uptake may be one process through which the complex assists in immune evasion (83).
Exclusively in M4 GAS, BP has been depicted to bind to the host acute phase protein
haptoglobin. This appeared to result in protection against anti-microbial peptides, likely due to

increased steric hindrance on the bacterial surface (76).

As most studies on GAS pili thus far have been centered on the adhesive properties of GAS,
there has been less focus on elucidating the pili’s interaction with the different components of
the host immune system. As pili are exposed structures expressed on the cell surface in

abundance, it is expected that the complex can directly interact with immune cells.

1.3.4 Prospects in Vaccine Development

The global health burden posed by GAS infections is indicative of the need to produce a vaccine
to provide prophylactic protection and there is a variety of candidates being surveyed currently.
One such GAS component is the M protein, where an experimental vaccine consisting of
recombinant peptides from different M proteins fused together has reached phase Il clinical
trials (84). Such M protein based vaccines face problems surrounding coverage, due to the
widely variable nature of M protein (85). This is exacerbated by vast regional differences, with
low resource settings displaying a different profile of serotypes and greater serotype variation
compared to high resource settings (85). Methods such as serological identification of antigens
and proteomic analysis of cell wall extracts is also being used to identify potential conserved
non-M protein GAS vaccine (86-88). Despite the majority of these candidates conferring

protection against GAS in animal models, they often fail to fulfil the requirement of providing
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broad coverage against the large array of currently circulating strains. Thus, a general trend
observed within this space is the extension of coverage by using a combination of antigens
derived from different proteins (88,89). Examples include the fibronectin based FSB vaccine,
which contains a fibronectin binding domain, the M protein C terminus and motifs from
streptolysin and SpeB. Another potential combination vaccine employs streptococcal CXC
protease co-administered with a conserved M protein peptide (90). Of note, many non-protein
M vaccines are poorly immunogenic and require additional components such as Alum and

cholera toxin B to ensure a protective immune response is evoked (91,92).

The GAS pili have shown promise circumventing problems related to vaccine coverage and
immunogenicity seen in the aforementioned GAS components. The main function of GAS pili
in adherence means that the corresponding antibodies produced against the pili would likely
provide both neutralising and opsonising activities (93). The complex was confirmed to be a
protective antigen in a study where mice were immunised with components of the GAS pili
and subsequently given a dose of the bacteria calculated to kill 90% of mock immunised
negative control mice. The mice administered with the combination of pilus proteins had
survival rates higher than 70%, similar to the levels of protection achieved with the M protein
(56). Furthermore, pilus proteins were found to induce protective antibodies in mouse models
without the addition of adjuvants. This implied the structure possessing immunostimulatory

characteristics, a property lacking in many other GAS vaccine candidate proteins (56).

An examination of the GAS strains currently circulating Europe and the US illustrates the
presence of 27 predominant M types. Sequence analysis of pilin genes suggest that an
amalgamation of backbone pilins (or BP proteins) from 12 pilus types would be sufficient to
confer protection against 90% of these M types (26). This suggests that a pilus-based vaccine
would require less antigens than an M based vaccine targeting the same panel (94). Not only
does the pilus exhibit less variation compared to the M protein, it has been shown to be a
temporally conserved complex. A recent study comparing historical and contemporary GAS
infection samples from New Zealand indicated that there was very little variation within single
tee genes, with <2 nucleotide differences between the same tee types across the two time
periods (94). The stability of the sequence over time suggests that pilus-based vaccines would
be effective in providing long term immunity against GAS, as the phenotypes of circulating

pili would not stray over time from the antigens contained within the vaccine. The pili’s
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characteristics of relatively broad coverage and stability of alleles across time make this

complex a highly promising GAS vaccine candidate.

Our lab has delved into investigations on the vaccine potential of the pili, either as a vaccine
target for GAS disease or as a vaccine delivery system for broader infectious diseases. TeeVax
iIs a multivalent recombinant protein vaccine consisting of 3 recombinant proteins, each
containing 5-7 domains from a range of T antigens hybridised together. Immunisation of
rabbits with TeeVax induced the production of specific and cross-reactive anti-T antigen IgG
and IgA antibodies, which were demonstrated to possess the ability to mediate killing of GAS
bacterium. While TeeVax is delivered as a set of recombinant proteins, GASPEL uses
Lactococcus lactis as a delivery and expression platform for the pilus. L. lactis is a non-
pathogenic food grade bacterium with immunostimulatory properties, making it a safe delivery
vehicle which can be administered without the addition of toxic adjuvants (66). Preceding
studies have used L. lactis to express Group B Streptococcus pili and these bacterium were
found to confer protection against challenge with GBS isolates (95). GASPEL applies a similar
approach, with L. lactis used to express fully assembled pili from the 6 different FCT types.
When this bacterium was delivered mucosally to rabbits, they elicited the production of specific
IgG and IgA antibodies against each pilus subunit, which were cross reactive between some
pilus types including some more distantly related pili. Moreover, these antibodies were
functional, possessing the capacity to reduce or neutralise adhesion of GAS to a keratinocyte
cell line and facilitate opsonophagosytosis (66). In contrast to TeeVax and GASPEL, which
are purposed to protect against GAS specifically, PilVax is a novel application of the pilus
structure, where it is expressed in L. lactis and used as a peptide antigen delivery platform.
Studies demonstrated the feasibility of inserting antigens, such as epitopes from S. aureus and
Mycobacterium tuberculosis proteins, into selected loop regions within the BP structure.
Immunisation with these recombinant L. lactis strains in mice resulted in enhanced
immunogenicity and the generation of antigen specific antibodies (96,97). These results
supported the rationale of utilising GAS pili to stabilise and amplify otherwise poorly

immunogenic peptides for subunit vaccine development.

Although many vaccine candidates have been derived from GAS, there is particular interest in
pilus due to its potential to provide broad coverage against GAS strains and induce an immune

response without the need for assistance from additional immune potentiators. This
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characteristic has also been incorporated into the use of the structure as a vehicle for delivery
of non-GAS antigens. However, there is a lack of information surrounding the innate immune
response to the pili. Investigation into this avenue will provide a complete picture of the pili’s

immunological features and potentially expand the usage of this component against infections.

1.4 Bacterial Sensing and Initiation of Immune Responses

Following a bacterial infection, two immune defence networks are sequentially activated in
order to eliminate the microbial organism. The innate immune system acts as the first line of
defence, offering immediate and broad protection, and is followed by the adaptive immune

system, which provides a more specific and prolonged immune response (98).

Activation of the innate immune system is mainly mediated by conserved molecular structures
specific to foreign bacteria, known as pathogen associated molecular patterns (PAMPS). These
structures are recognised by pattern recognition receptors (PRRs), which can be grouped into
soluble and cell bound PRRs. Soluble PRRs have the capacity to bind to various microbial
proteins to mediate the direct elimination of bacteria (99). On the other hand, cell bound PRRs
are expressed primarily on antigen presenting cells (APCs) such as macrophages and dendritic
cells (DCs). These receptors recognise PAMPs and activate processes to directly kill bacteria,
as well as upregulate pathways involved in priming the adaptive immune response to clear
infection (100,101).

The most significant soluble PRRs are the components of the complement system, an
amalgamation of plasma proteins made in the liver and by immune cells, that can be activated
by pathogens to trigger a cascade of reactions to defend against initial infection (99,102). There
are three pathways towards complement activation; the classical pathway, which can be
initiated mainly via binding of 1gG or IgM to antigens on the pathogen surface, followed by
binding of complement proteins to the antibody Fc region; the mannose binding-lectin pathway,
which is put into motion via collectin or ficolin protein binding to poly-mannose components
of microbial cell walls; and the alternative pathway, which utilises spontaneously occurring
complement component, which is inactivated in the absence of pathogen surfaces to bind to
(103,104). The pathways merge at the generation of C3 convertase, an enzyme that produces
C3b, which binds to bacteria to promote their uptake and destruction by phagocytic cells (105).

Complement components may also assemble into membrane-attack complexes on the
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microbial outer membrane to promote cell lysis (106). Another family of soluble PRRs are the
pentraxins, characterised by their cyclic pentameric structures (99). These molecules can bind
to mannose on bacterial cell walls and act as opsonins, as well as activating the classical

complement pathway by binding to initial components of the reaction cascade (107).

An important family of cell bound PRRs is the dimeric, membrane spanning toll like receptors
(TLRs), which are found on various cells of the innate immune system such as DCs and
macrophages. These PRRs are composed of N-terminus leucine rich repeats that interact with
PAMPs, a transmembrane region, and an intracellular toll-interleukin-1 receptor (TIR) domain
responsible for transducing downstream signaling (108). There are 10 TLRs in the human
immune system, which can be divided into two subgroups based on whether they are located
on the cell surface or embedded in intracellular vesicles. The former interacts with surface
associated components of extracellular pathogens, whereas the latter recognises pathogen
nucleic acid (109). Upon ligand binding, TLRs undergo conformational changes to recruit
adaptor molecules to the intracellular TIR domain. MyD88 is the most prolific of these adaptor
molecules, interacting with all TLRs aside from TLR3. Through phosphorylation, MyD88
initiates a signaling cascade resulting in the nuclear translocation of the transcription factor
NF«xB, a family of inducible transcription factors responsible for regulation of genes associated

with a multitude of different immune and inflammatory processes (110).

Although TLRs are the most prominent and extensively studied transmembrane PRRs, bacteria
can also be sensed by members of the C-type lectin receptors (CLRs). Each CLR contains at
least one carbohydrate recognition domain, allowing the complex to interact with bacteria
through glucan, fucose and mannose structures (111). The recognition of such highly conserved
features allows receptors to interact with a broad range of pathogens and activated receptors

can trigger the cascade of reactions resulting in NFxB signaling (112,113).

As expression of the aforementioned PRRs is restricted to the cell surface and the lumen of
lysosomal vesicle membranes, they are unable to recognise pathogens that have invaded the
cytosol (114). This recognition is accomplished by an array of cytosolic PRRs, broadly grouped
into retinoid acid-inducible gene 1 like receptors (RLRs) and nucleotide-binding
oligomerisation domain like receptors (NLRs) (100). Whilst RLRs interact with viral RNA,
NLRs are key sensors of microbial cell wall peptidoglycan. In a process akin to TLRs, the C-
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terminal potion of the NLR binds to bacterial components such as muramy!l dipeptide, to initiate
receptor oligomerisation and N terminal signaling. This in turn activates the signaling pathways

such as NFxB, inducing a multitude of immune processes (115).

NF«B has aptly been dubbed as the master regulator of innate immune responses due to the
range of pathways it is downstream and upstream of. For starters, upon stimulation they can
provide early defence against bacterial infection through upregulation of cationic NF«xB
defensins. These molecules induce membrane permeabilisation and propel the upregulation of
reactive oxidase species, which are toxic to a broad range of microbes and also encourage the
activity of anti-microbial peptides (116,117). Furthermore, the transcription factor elicits the
process of phagocytosis against invading pathogens, providing another layer of immediate
defence (118). NFxB can also direct the maturation of APCs, giving cells the ability to uptake
and process bacteria recognised via their PRR and subsequently present antigenic peptides to
lymphocytes of the adaptive immune system (110,118,119). This presents the opportunity for
adaptive immune cells to produce protective antibodies specific to the displayed antigen
(120,121). Adhesion factors assisting in the process of cell recruitment, such as vascular cell
adhesion molecule-1, are also upregulated by NF«B, inducing infiltration of further immune
cells to mount a defence against infection (122). Another major aspect of immune response
coordinated through NFxB is the secretion of pro-inflammatory cytokines which provide
signals to activate immune cells in an endocrine, paracrine or autocrine manner (118). These
molecules can act on immune cells that have not yet interacted with the bacteria to prime them
for PAMP recognition. For example, the cytokine TNF is able to enhance vascular endothelial
permeability and recruit neutrophils and monocytes to the site of infection, which can then be
activated via signaling through cytokine receptors (109,123). Cytokines also play a key role in
the cross talk between innate and adaptive immune cells by further inducing APC maturation,
enhancing their ability to interact with lymphocytes, and directly stimulating adaptive immune
cells. This in turn can activate lymphocyte production of protective antibodies or mobilise
cytotoxic cells (109,124,125).
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Figure 1.4. Schematic representation of downstream effects of PRR activation. (A) PAMPSs on
pathogen are recognised by soluble PRR propelling elimination of bacteria. PAMPs interact
with cell bound PRRs such as TLR coupled to MyD88, CLR and NLR, inducing downstream
activation and nuclear translocation of NFxB, resulting in transcription of an array of pro-
inflammatory genes. This results in upregulation of defence mechanisms against pathogens,
increased receptor expression and cytokine secretion. These cytokines signal in an autocrine,
paracrine and endocrine manner (B) PRR mediated APC activation triggers the presentation of
pathogenic antigens to lymphocytes. Coupled with co-stimulatory molecules and cytokine
signalling, this can activate downstream antibody production. Diagram created with
biorender.com.

Another key player in the transition from the initial indiscriminate defence to a highly specific
adaptive immune response is the TLRs. Out of the cell bound PRRs, these receptors induce the
broadest range of responses in innate immune cells associated with modulating adaptive
immune cells. Furthermore, unlike the other PRRs, TLRs are also extensively expressed on

adaptive immune cells and possess the ability to directly regulate their activity (126-130).

One of the first steps in antibody production is the presentation of antigens on APCs to T cells.
APCs such as DCs can phagocytosis apoptotic bodies as well as pathogens, and the differences
in response to these two molecules appears to be dictated by the engagement of TLRs. Studies
using macrophages have indicated that cells containing cargo which engaged with TLRs
underwent induced phagosome maturation not observed in cells interacting with apoptotic host
cells. This maturation was triggered by pathways downstream of TLRs such as MyD88

signaling and resulted in presentation of bacterial antigens on MHC class Il molecules on the
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cell surface (Figure 1.5A) (131). Thus, it appears that TLR signals are assisting in the process

of distinguishing whether ingested cargo contained self or non-self-antigens.

TLR activation is also implicated in the upregulation of co-stimulatory factors which interact
with lymphocytes in parallel with the process of antigen presentation. Intermediate signaling
proteins produced downstream of TLR activation, such as MyD88, as well as TLR induced
cytokines, such as TNF, promote the upregulation of co-stimulatory molecules such as CD40
and CD80 on APCs (132,133). In concert with antigens presented on MHC class I, these
molecules interact with T helper cells to facilitate their activation and expansion. In fact, studies
using CD407- mice indicated that T helper cell proliferation and activation was dependent on
expression of this co-stimulatory molecule on dendritic cells (133). B cells then present antigen
to these activated T helper cells, stimulating their capacity to secrete signalling cytokines,
which in turn induce the B cells to produce antibodies. Thus the activation of TLRs indirectly
affects the process of antibody production via its control over co-stimulatory molecule
expression (Figure 1.5B). Recent studies have also indicated that CD40 expression on dendritic
cells may contribute to increased B cell survival (134). Co-stimulatory molecule upregulation

is thus another avenue of innate immunity which can be augmented by TLR ligands.

The plethora of pro-inflammatory mediators released following TLR activation can contribute
to the recruitment and migration of immune cells. For example, many cytokines released
downstream of TLRs such as CCL2 and IL-8 act as chemoattractants for immune cells. Cell
adhesion molecules, such as adhesion molecule-1, and vasodilators are also upregulated to
expedite the process of cell migration (135). Studies in mice found that co-administration of
antigens with TLR4 agonists resulted in a localised release of cytokines which increased
recruitment of dendritic and monocytic cells. Subsequent trafficking of antigens by these cells
to lymph nodes, which act as antibody production sites, was also heightened (Figure 1.5C)
(136). Therefore, TLR ligands can enhance the amount of innate immune cells uptaking and
transporting antigens to adaptive immune cells. Furthermore, cytokines upregulated by TLR
induction can direct the polarization of the T helper cell (Th) response towards distinct T helper
cell subsets (Figure 1.5D). Cytokines such as I1L-12 and IFNy have been observed to promote
T cell differentiation into Thl effector cells, which can activate cytotoxic T cells and
opsonising antibody production. This results in a combination of cellular and humoral

responses that are able to control intracellular infections. On the other hand, the absence of IL-

20



12 and the presence of cytokines such as IL-4, IL-5 and IL-13 result in Th cell differentiation
skewing towards effector Th2 cells. These cells orchestrate the elimination of extracellular
infections via activation of eosinophils and proliferation of antibody producing B cells
(137,138). More recent studies into effector T cells have also uncovered both IL-6 and IL-21
involved in the differentiation of T cells into T follicular helper cells (Tfh). These specialised
Th cells facilitate the selection and maturation of high-affinity antibody producing B cells and
cell signalling from Tth cells is required for maintenance of long-living memory B cells (139—
142). Resultantly, protection against any infectious disease is significantly compromised in the
absence of these cells (143). As different TLRs upregulate the expression of different cytokines,
TLR agonists have been used to direct the adaptive immune response following vaccine
administration. For example, mice administered with Ova antigen and the TLR2 ligand
PamsCys had pronounced secretion of IL-5 and IL-13, whereas mice given Ova with the TLR9
ligand immunostimulatory sequence oligodeoxynucleotides (ISS-ODN) did not upregulate
these cytokines and instead had increased levels of IFNy and IL-12. This resulted in mice
primarily producing antibodies against Ova and mice with prominent cytotoxic T cell activity

respectively (144).

Studies using mice with B cells devoid of TLR4 or the MyD88 protein downstream of TLRs
indicated that interaction with antigen presenting T helper cells alone was not able to induce B
cell production of specific antibodies. These studies suggested that activation of TLRs on B
cells is also required for proliferation, activation and differentiation of B cells (145,146). The
role of TLR signaling in B cells was further elucidated using the TLR4 agonist
(lipopolysaccharides) LPS. When wild type mice and mice with MyD88 knock out B cells were
vaccinated with a model antigen alone or in conjunction with LPS, only the wild type mice
given both molecules had an amplified immune response. The knock-out mice were
subsequently transfected with wild type B cells and given either just model antigen or the
antigen with LPS. This resulted in only the transfected mice given both the antigen and TLR4
ligand displaying amplified antibody response (147). Collectively, this data indicates that B
cell TLR activation is required for robust antibody production, further highlighting the ability

of TLR to enhance adaptive immune response (Figure 1.5D).

21



A B TLR
TLR \ Ligand

Co-stimulatory

/
Co-stimulatory Slgnals 5 }//
Signals , i 7 y
:}73 helper cel Bical . )/ s
=
N

Antibodies ™

| N J

Cytokines

\ Migration
Figure 1.5. Schematic representation of examples of TLR activation bridging innate and
adaptive immunity. (A) Activated TLR contributes to APCs displaying vaccine antigens on
MHC to T helper cells. (B) Furthermore, TLR mediated expression of co-stimulatory signals
aids in activation of these T helper cells. (C) TLR induced cytokine release aids in the migration
of immune cells and (D) the polarisation of T helper cells. These T helper cells induce B cell

activation alongside TLR expressed on the B cells themselves to (E) facilitate antibody
production. Diagram created with biorender.com.

As TLR activation triggers a cascade of signaling pathways and processes, TLR agonists have
applications in the clinical landscape. A major branch of this is the repurposing of these ligands
as adjuvants, which are substances added to vaccine formulations to enhance immunogenicity
of the vaccine and increase durability and magnitude of the adaptive immune response towards
the antigens included (148). Adjuvants are generally employed to escalate vaccine mediated
antibody response and protection in general populations, but have also found use in enhancing
seroconversion rates in groups with low baseline immune responses such as children and the
elderly, immunocompromised individuals and patients receiving immunosuppressing
treatments (149,150). Furthermore, adjuvants can reduce the amount of antigens in the vaccine

or the number of doses required for substantial antibody titers (151,152).

The mechanism behind adjuvants involves augmentation of the initial innate immune response

to facilitate increased downstream humoral and/or cellular immune response (148,153). Thus
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the use of TLR agonists as adjuvants has been a focal point due to the ability of these receptors
to bridge the innate and adaptive immune response (154). Furthermore, adjuvants signaling
through different TLRs are able to mediate polarization of the T helper cell response, and thus
may also be used to elicit a functionally appropriate adaptive immune response towards a
vaccine, such as ensuring high antibody production occurs or enhancing cytotoxic cell activity
(137,138,148,155).

An example of a TLR agonist used extensively in both clinical and experimental settings is
poly I:C, a synthetic double stranded RNA which induces inflammation through TLR3 (156).
Poly I:C is a potent IFNy inducer which can elevate Thl activation and increase antibody
production (157-159). As the T cell phenotype and cytokines induced by the molecule can
promote cytotoxic effector cells, poly I:C is garnering particular interest in the space of cancer
vaccines (160). However, there are some concerns around toxicity and studies around
developing an efficacious derivative are ongoing (161). Another example is monophosphoryl
lipid A (MPL), a TLR4 agonist derived from Gram negative bacterial LPS. This molecule
skews T cell differentiation towards Thl, leading to its licensing for inclusion in vaccines
against allergy (162). Another adjuvant triggering Th1 expansion is synthetic DNA containing
CpG motifs, which activate TLR9 to effectively enhance cytotoxic T cell activity but have the
disadvantage of being vulnerable to nuclease mediated degradation (163,164). A TLR5 based
adjuvant that has reached clinical trials is flagellin (165). This compound triggers TNF
production and a mixed Th response, unlike many other TLR adjuvants which polarise cells
solely towards Thl (166). Flagellin’s overt stimulation of TLR5 resulted in the compound
inducing systemic adverse effects when administered as part of an influenza vaccine however,
signaling the need for further manipulation of the molecule to improve the safety profile (165).
Although TLR agonists have shown promise in the space of vaccine adjuvants, there is
currently a lack of commercial availability for many of these ligands (167). Further
development is required to addresses issues surrounding current contenders and the exploration

for efficacious TLR based adjuvants is still ongoing.

1.4.1 Innate Immune Response to GAS

Numerous studies conducted have indicated the role of innate immune cells in controlling GAS
infection. For example, DCs have been found to be vital in this process, with transient depletion

of DCs from mouse models resulting in increased systemic dissemination from a skin infection
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(168). Similarly, depletion of macrophage from mouse models via clodronate liposome
treatment resulted in enhanced spread of GAS from a soft tissue infection to the bloodstream.
A decrease in GAS dissemination could then be observed when these mice received a
macrophage graft (169). These findings are indicative of monocyte mediated control of GAS
dissemination, a process involving the PRRs and associated signaling pathways detailed above.
While the innate immune response is important for providing an early alert of infection and

expediting GAS clearance, the resulting inflammatory reaction can at times be harmful (170).

The complement system is a soluble PRR key for elimination of GAS, with inhibition of this
system in a mouse GAS infection model resulting in increased bacterial burden in both the
blood and organs, as well as enhanced lethality (171). The plethora of mechanisms adopted by
GAS to thwart the complement system and its associated soluble proteins such as pentraxins,
is another testament to the importance of this system in the innate immune response to GAS
(172). However, excessive complement activation in the kidneys can incite inflammatory cell
recruitment and tissue damage responsible for the progression of post-streptococcal APSGN
(173,174). Furthermore, certain complement factors were found to be elevated in ARF patients
and in a mouse model contributed to heart valve inflammation, suggesting the complement

system’s role in the progression of post GAS infection sequelae (175,176).

Apart from the complement compounds, the large crux of innate immune responses against
GAS s regulated by inflammatory mediators downstream of cellular PRRs (177). This was
evident following knockout in mice of the gene encoding TNF, a major cytokine downstream
of PRR stimulated NFkB. Deficiency of TNF significantly increased susceptibility to soft
tissue GAS infections and greatly reduced immune cell recruitment to infection sites, as well
as elevating rates of mortality (169). IFNy, another cytokine induced by PRR recognition of
GAS components, was also found to be key in defending the host against GAS infection. The
cytokine appeared to regulate neutrophil infiltration, ensuring substantial amounts of
phagocytic cells were translocated to infection sites and mice devoid of IFNy receptor had
heightened susceptibility to lethal GAS infection and tissue damage (178-180). Additionally,
molecules secreted downstream of PRR activation, such as the antimicrobial peptide

cathelicidin, was found to prevent invasive GAS from disseminating from skin infections (181).
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Emerging information has been gathered that illustrates the importance of TLRs in innate
immune response to GAS infections. Macrophages incubated with GAS were found to produce
NFkB and pro-inflammatory cytokines such as the aforementioned TNF in a MyD88-
dependent manner. As the MyD88 adaptor molecule is downstream of most TLRs, these results
were indicative of TLR being one of the PRRs involved in GAS recognition (180). Furthermore,
MyD88-/- mice infected with GAS had severely dampened release of pro-inflammatory
cytokines such as I1L-12 and IL-6 compared to wild type mice and attenuated chemoattractant
release resulting in marred neutrophil and macrophage recruitment. These mice had accelerated
morbidity following infection with GAS, compared to their wild type counterparts, further
highlighting the role of TLR activation associated processes in eliminating GAS infection (125).
TLRs also appeared to play a significant role in GAS induced dendritic cell maturation, with
MyD88”- mice infected with GAS failing to upregulate cell surface proteins required for cell
activation and co-stimulation of adaptive immune cells (182,183). Loss of MyD88 additionally
resulted in the abolishment of dendritic cell release of IL-12, a cytokine important for
lymphocyte differentiation (182,184). GAS interaction with TLRs did not appear to be
restricted to the receptors expressed on the immune cell surface, with the bacteria also found
to interact with endosomal TLRs. GAS activated both TLR3 and TLR9 following their
recognition of GAS derived DNA, such as CpG-rich DNA motifs (185). This prompted
secretion of IFNy and elicited the production of reactive oxygen species with the ability to
mediate bacterial killing (186,187).

In spite of the evidence for the involvement of TLRs and downstream signalling in the immune
response to GAS, there has been no general agreement on the interactions of specific TLRs and
GAS components. Dendritic cells collected from mice models deficient in either TLR2, 4 or 9
did not lose the ability to secrete cytokines following exposure to GAS, and production of these
signalling peptides was also preserved in TLR2/4/9 triple deficient mice macrophages
(180,182). These results are most probably due to the multimodal interactions between PRRs
and GAS. The host immune system will likely have a redundancy in PRR signalling, with
various components of GAS being recognised by multiple PRRs. When a single receptor is not
dominating pathogen recognition, it ensures the initiation of an immune response in
circumstances where one of the individual PRR is defunct (188,189). For instance, NLRs also
induces NF«B, albeit through a different signalling cascade to TLRs. As GAS is also
recognised by NLRs, these complexes can offer defence against GAS infections through the
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same mechanisms as TLRs (190). In fact, they are likely to have contributed to the NF«B
associated clearance of GAS in studies introduced above which was not specifically initiated
via MyD88 (169,180). NLRs have also been demonstrated to provide unique innate immune
response pathways against GAS infections. An interesting aspect of this is NLRP4 regulating
GTPase signalling following GAS infection. This has been shown to promote the formation of
autophagosomes and result in GAS clearance via antibacterial autophagy (191). NLRX1 is
another NLR described to trigger autophagic elimination of GAS, with GAS invasion markedly
increasing when the receptor was knocked out in a mouse model (192). Cell anchored and
secreted GAS components have also been implicated in NLR driven inflammasome formation.
Deficiency in the IL-1 cytokine activated by this complex has been shown to reduce neutrophil
recruitment to GAS infection sites and heighten susceptibility to systemic GAS infection in
mouse models (193). Other cell bound PRRs such as CLR have also been depicted to contribute
to GAS clearance through NF«B and independent pathways. Lipoteichoic acid on GAS is
recognised by CLRs to upregulate signalling cascades through a tyrosine kinase to induce the
secretion of pro-inflammatory cytokines, release of bactericidal reactive oxygen species and

expression of cell surface receptors which co-stimulate adaptive immune cells (194).

As in the case of complement, the extensive range of innate immune responses elicited by the
cell bound PRRs are crucial for GAS infection clearance but can also have a detrimental effect
on the health outcomes of the infected individual. In particular for GAS, prolonged
inflammation as a result of PRR stimulation can contribute to autoimmune disease, with
cytokines and chemokines playing a key role in pathogenesis (195). In the context of
ARF/RHD, an abundance of inflammatory cytokines such as TNF and IFNy have been
associated with disease progression, with TNF attracting cells to sites of inflammation and
IFNy inducing the presentation of autoantigens (196,197). Adhesion molecules which can be
upregulated via PRR activation, such as vascular cell adhesion molecule, have also been
depicted to contribute to valvular damage in RHD, due to the protein promoting T cell
infiltration (198). Additionally, inflammasome associated cytokines have been implicated in
linking innate and adaptive immune cells in autoimmune disorders and appear to be involved

in the acute phase of rheumatic disease (199,200).
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1.4.2 Innate immune Response to GAS pili

Being an abundant surface expressed structure, it is reasonable to assume that GAS pili can be
recognised by innate immune PRRs. Numerous studies support the idea of pili from Gram-
positive bacteria modulating host innate immune responses. For instance, piliated strains of
Streptococcus pneumoniae were observed to evoke high levels of TNF release in mice
following intraperitoneal challenge, whereas strains lacking pili induced low TNF response.
Furthermore, mice administrated with a strain of S. pneumoniae with the pilus encoding gene
islet deleted had decreased IL-6 and TNF secretion compared to mice given the wild type
bacterium (201). Similar findings could be seen in Group B Streptococcus. A human
endothelial cell line infected with a pilus expressing strain of the bacterium induced
significantly greater release of neutrophil chemokines compared to cells treated with a pilus
deletion mutant strain (202). Group B Streptococcus pili also appeared to possess the ability to
modulate macrophage mediated phagocytosis, with the presence of the gene encoding pilus

backbone protein correlating to increased macrophage uptake of the bacterium (203).

Supplementing these findings are results linking GAS pili and neutrophils of the innate immune
system. When wild type GAS and a pilus deletion GAS mutant strain were exposed to human
neutrophils, the wild type strain induced the release of neutrophil extracellular traps at 3-fold
higher levels than the mutant strain (72). These neutrophil extracellular traps are a defence
mechanism against bacteria produced downstream of PRR activation, which promotes further
innate immune responses such as inflammasome activation (204,205). Pilus expressing WT
GAS also appeared to induce elevated levels of IL-8, compared to mutant bacteria with
abrogated pilus expression (72). These observations imply that GAS pili directly activate innate
immune responses through PRRs and promote a state of inflammation, to tackle the clearance
of the bacterium. Prior to this project, preliminary studies compared cytokine secretion from
THP-1 cells exposed to GAS pili expressed on the L. lactis and cells exposed to W.T L. lactis
devoid of pilus (135). This illustrated a strong increased secretion of IL-8 and TNF in response
to pilus-expressing L. lactis compared to their unmodified wild type counterpart. This further
solidifies the concept of GAS pili modulating the host innate immune response. At the same
time, the preliminary evidence of a strong inflammatory response to GAS pili raises the notion
of whether the structure contributes to the detrimental over stimulation of innate immunity

associated with the inflammatory symptoms in GAS diseases. Although information is still
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sparse, pili have been shown to induce TNF, and this is one of the cytokines associated with
inflammation and progression of RHD (197,206). Additionally, pili are capable of triggering
the release of neutrophil extracellular traps, and recent research has provided increasing
evidence of these complexes playing a role in the perpetuation of autoimmune disorders
(72,207). Currently, pili from M1 GAS have been the focal point of investigation into the
relationship between innate immunity and pili but the immense inter-strain diversity of pili
suggests possible divergence in the innate immune response between different types of pili.
Therefore, investigation into pilus mediated inflammation may require a survey across pili from

different GAS strains associated with differing clinical presentations.

Although the interaction between PRRs and GAS pili is yet to be extensively explored, studies
on the closely related S. pneumoniae pili provide some insight into the possible relationship
between receptors and this complex. Piliated S. pneumoniae was previously observed to induce
the release of IL-8, a cytokine found downstream of multiple PRRs (208,209). Compared to a
mutant strain devoid of pili, S. pneumoniae with pili was also found to induce significantly
higher levels of IL-8 release from HEK cells expressing TLR2 but not in HEK cells expressing
TLR4 (210). GAS pili and pneumococcal pili have similarity in structure, function, and even
amino acid sequence of pilus subunits (56,73,211,212). Despite these similarities, there is little
to no information on the innate receptor that recognise GAS pili. Investigation initiated prior
to this project have begun to depict interaction between TLR2 and GAS pili but this relationship
is yet to be fully elucidated (135).The emerging evidence for the roles of GAS pili in immune
stimulation and TLR activation also opens up the avenue for its potential use as an adjuvant.
To evaluate the suitability of GAS pili as a contender in the pursuit of effective TLR based
adjuvants, the interactions between the complex and the innate immune response requires

further mapping.

1.5 Aim

The global burden of GAS infection related diseases has prompted wide-spread investigation
into the various virulence factors of the bacterium and its interactions with the host immune
system, in an attempt to create prophylactic vaccines. GAS pili have garnered interest as a

possible vaccine candidate, with promising evidence of the structure inducing protective host
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adaptive immune responses. However, characterisation of the complex is incomplete, with a
lack of knowledge around the innate immune response elicited by pili. This study aims to
explore this undefined immunomodulation capacity of the pilus, to further consolidate its
position as a GAS vaccine candidate but more extensively, to uncover the untapped adjuvanting
potential of the structure. Preliminary studies into the pili elude to its immunostimulatory
potential but more elaborate characterisation of the structure’s interaction with the innate

immune system and subsequent effect on the adaptive immune response is required.
The specific objectives to achieve this aim are:

1. To examine the link between pilus type and level of immune response/inflammation by
exposing cell lines and Galleria mellonella (Great wax moth) larvae to a panel of GAS pili

expressed on the avirulent L. lactis bacterium.

2. To generate recombinant proteins of pilus subunits and test on reporter cell lines expressing
TLRs to further pinpoint receptor- pilus interactions and determine whether the pilus proteins

are functional TLR ligands.

3. To generate fusion complexes consisting of pilus subunits conjugated to an antigen and

confirm the integrity of the pilus proteins in this form.

4. To further use recombinant pilus subunits to perform cell based assays in order to elucidate

the ability of pilus subunits to alter the immunomodulatory capacity of immune cells.

5. To test the aforementioned fusion complexes on a mouse model to investigate the ability of

pilus proteins to enhance antibody response against the co-expressed antigen.
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Chapter 2: Materials and Methods
2.1 Materials

2.1.1 Molecular Biology

All solutions were prepared using Type 1 Mili-Q water (Millipore) unless otherwise indicated.

2.1.1.1 Reagents

PCR buffer (10x) 500 mM KClI, 0.1% (v/v) Triton X-100,
100 mM Tris HCI (pH9.0)

6x DNA loading dye 30% (v/v) glycerol, 0.25% (w/v) bromophenol blue,
0.25% (wi/v) xylene cyanol FF

TAE buffer 0.1% (v/v) glacial acetic acid, 2 MM EDTA, 40 mM
Tris (pH8.0)
CutSmart buffer (10x) 50 mM potassium acetate, 20 mM Tris-acetate, 10 mM

magnesium acetate, 100 ug/ml BSA (pH7.9)

Restriction Endonucleases Sall, BamHlI, Pstl, Xmal, EcoRI, Xhol (NEB)

CCMBS8O0 transformation buffer 10 mM KOAc, 80 mM CaCl2, 20 mM MnCI2, 10 mM
MgCI2, 10% (v/v) glycerol (pH6.4)

2.1.1.2 Plasmids

pFW11 Vector for gene deletion containing the Spectinomycin-
resistance gene aad9. Flanking regions of target genes
are to be cloned into multiple cloning sites sandwiching
aad9, which replaces the target gene via allelic
replacement. Provided by Professor Andreas Podbielski

from the University of Rostock, Germany.
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pGEX-3C-M2e

pBC-Spy0125LPXTG

PPROEX-Htb

pBS-ccdB

2.1.1.3 Oligonucleotides

E. coli expression vector modified from the pGEX-3C
vector by Dr Catherine Tsai (UoA). It consists of a
multiple cloning site with the m2e sequence inserted
between the BamHI and EcoRl sites, an Ampicillin
resistance gene, a GST-tag and a 3C protease

recognition sequence.

A standard cloning vector with Ampicillin resistance
gene containing the sequence for spy0125 including the
LPXTG motif. Generated by Dr Jacelyn Loh (UoA).

E. coli expression vector from Life Technologies. It
consists of an Ampicillin resistance gene, multiple

cloning sites and 6x His-tag.

A modified version of the pBluescript (pBS) cloning
vector from Stratagene with Ampicillin resistance gene,
B-galactosidase gene for blue/white selection and
additional control of cell death B (ccdB) cassette for
reducing background colonies introduced by Dr Jacelyn
Loh (UoA).

Table 2.1. Sequences of the oligonucleotide primers for the generation and confirmation of
SrtA gene-knockout mutant. The restriction site in each primer is underlined.

Name Sequence 5°-3’ Restriction Site
SrtA_FR1.fw ctaggtcgacctgacgaactgctaattc Sall
SrtA_FR1.rv ctagggatccgattctgtgaaaaatgcttttgag BamHI
SrtA_FR2.fw ctagctgcagcatctatatatgaccacc Pstl
SrtA_FR2.rv ctagcccggggataaagccttaaaacttc Xmal
SrtA-FR1.0t gcaagagaatcttcatctcc -
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SrtA-FR2.0t gatgtgacaaccastgggaac -

SrtA.fw gtcactttatcaaatgccttctc -
SrtA.rv cattgtcctattatttattgtggg -
aad9.beg ccttattggtacttacatgtttg -
aad9.end ccattcaatattctctccaag -
aad9.fw agagaatattgaatggac -
aad9.rv catgtaagtaccaataagg -
Spy0128.fw cgggatccgctacaacagttcacgg -
Spy0128.rv cggaattcttattcaaagacttttttatttg -

Table 2.2. Sequences of the oligonucleotide primers for the generation and confirmation of
pilus protein-M2e fusion proteins. The restriction site in each primer is underlined.

Name Sequence 5°-3’ Restriction Site

Spy0128Bam.fw cgggatccgctacaacagttcacgg BamHlI

Spy0128Bam.rev cgggatccttattcaaagacttttttatttg BamHl

Spy0128Eco.fw cggaattcgctacaacagttcacgg EcoRl

Spy0128Eco.rev cggaattcttattcaaagacttttttatttg EcoRl

M2e.fw cggatccctcgagtcacttttaactgaagttgaaaca Xhol
cctattagaaatgaatgg

M2e.rev cggaattcctcgagatcagatgaatcattacatctacaaccc  Xhol
cattcatttctaatagg

Spy0125Bam.fw ggatccaagactgtttttggtttag BamHI

Spy0125Sal.rev gtcgacctctttattattttcaaaagc Sall

Spy0125LPXTGXho.rev ctcgagctaaccagtttctggcaaaggctctttattattttc Xhol

2.1.1.4 Bacterial Strains

L. lactis MG1363 A plasmid-less strain of L. lactis used for cloning of a

SrtA deletion strain and as a negative control when
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L. lactis plz12-
Km2:P23R_PilM1, PilM2,
PilM4, PilM6, PilM28

Streptococcus pyogenes

E coli. DH5«a

E coli. BL21(DE3) pLysS

E coli. BL21(DE3) pLysS
pET32-3c: Spy0128

studying cellular response to whole pilus expressed on

L. lactis surface.

L. lactis strains transformed with a plasmid containing
the operon for expressing either FCT-2 GAS pilus from
a serotype M1 strain (PilM1), FCT-6 GAS pilus from a
serotype M2 strain (PilM2), FCT-5 GAS pilus from a
serotype M4 strain (PilM4), FCT-1 GAS pilus from a
serotype M6 strain (PilM6) or FCT-4 GAS pilus from a
serotype M28 strain (PilM28) and a kanamycin-
resistant gene. The expression of pili is driven by a
strong, constitutive lactococcal promoter P23. These
strains are used to study cellular response to assembled
whole pilus expressed on the surface of L. lactis

surrogate.

Wild type S. pyogenes SF370, an ATCC 700294

serotype M1 strain.

A standard E. coli strain (ATCC 53868™) used for

cloning.

An E. coli strain used for the expression of recombinant
proteins under the control of the T7 promoter. Contains
the pLysS plasmid for chloramphenicol resistance.

From Novagen.

A BL21 E. coli strain transformed with a plasmid for
expressing rSpy0128, the BP from the serotype M1
GAS pilus. The plasmid contains an Ampicillin
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resistance gene and produces a recombinant protein
fused to thioredoxin with a specific 3C protease
cleavage site and 6xHis tags at the N-terminal.
Generated by Fiona Clow (UoA).

E coli. BL21(DE3) pLysS A BL21 E. coli strain transformed with a plasmid for
expressing rSpy0125, the AP1 from the serotype M1
pPROEX-Hth_Spy0125 LPXTG . . : N
GAS pilus. The plasmid contains an Ampicillin
resistance gene and produces a recombinant protein
with 6xHis tags at the N-terminal. Generated by Dr

Jacelyn Loh (UoA).

2.1.1.5 Bacterial Media

Brain heart infusion broth (BHI)  3.7% (w/v) Brain Heart Infusion powder

Lysogeny broth 25 g/L Luria-Bertani Broth

GM17 broth 3.725% (w/v) M17 powder, 0.5% (w/v) glucose

Super optimal broth (SOB) 2% (w/v) bacto-tryptone, 0.5% yeast extract, 0.05%
(w/v) NaCl, 0.018% (w/v) KCI, 1% (v/v) MgClz,
(pH7.0)

Agar plate Liquid media added with 1.5% (w/v) agar powder

2.1.1.6 Selective Antibiotics

Ampicillin For the selection of E coli. DH5a and E coli. BL21
transformants containing ampicillin-resistance genes,

used at 50 pg/ml
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Chloramphenicol

Kanamycin

For the selection of E coli. BL21 which contains the

pLysS plasmid, used at 30 pug/ml

For the selection of L. lactis containing plZ12-
Km2:P23R plasmid, used at 200 ug/ml

2.1.2 Protein Purification and Analysis

2.1.2.1 Protein Purification

Protoplast buffer

Affinity purification wash buffer

IPTG

PBS

MCAC-0

MCAC-1000

40% sucrose, 10 mM MgCI2, 0.1 M KPO4 (pH®6.2), 2
mg/ml lysozyme, 400 U mutanolysin, EDTA-free

protease inhibitor (Roche)

150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 10 mM
Tris (pH7.4)

Isopropyl-B-D-thiogalactoside induces expression of
proteins under the control of the T7 promoter used at
0.1 mM.

2.7 mM KCI, 150 mM NacCl, 10 mM phosphate salts,
(pH7.4)

0.5 M NacCl, 10% (v/v) glycerol, 20 mM Tris HCI
(pH8.0)

1 M imidazole, 10% (v/v) glycerol, 0.5 M NacCl,
20 mM Tris HCI, (pH8.0)
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MCAC 10, 20, 40,100

MCAC Lysis buffer

SEC buffer

GSH | buffer

GSH 11 buffer

GSH Il buffer

GSH lysis buffer

Cleavage buffer

2.1.2.2 Protein Labelling

Fluorescent Red Mega 485
NHS-ester

Bicarbonate buffer

MCAC1000+MCACO at imidazole concentrations of
10 mM, 20 mM, 40 mM, 100 mM

MCAC-0, 0.1 mM PMSF, 0.1% (v/v) Triton X-100

10 mM NasPQOq4, 0.14M NaCl, 3% glycerol (pH7.4)

1 mM EDTA, 50 mM NacCl, 25 mM Tris HCI (pH7.4)

1 mM EDTA, 500 mM NaCl, 25 mM Tris HCI (pH7.4)

1 mM EDTA, 5 mM reduced glutathione,
25 mM Tris HCI, (pH7.4)

1 mM EDTA, 50 mM NaCl, 1% (v/v) Triton X-100,
25 mM Tris HCI, (pH7.4)

5 pg/ml 3C protease, 1.5 mM DTT

Amine conjugated biolabel excitation 482 nm, emission
559 nm. Dissolved in amine-free DMF at 40 nmol/pul
(Sigma-Aldrich)

50 mM NaHCOs (pH9.0)

2.1.2.3 SDS-PAGE and Western Blot Solution

Acrylamide/Bis

30% (wi/v) acrylamide, 0.8% (w/v) bisacrylamide
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Resolving gel buffer

Stacking gel buffer

SDS running buffer

2x protein loading buffer

Coomassie stain solution

Destaining Solution

Tris-buffered saline (TBS)

TBS-T

Western blot
towbin transfer buffer

Western blot blocking solution

Western blot probing solution

Protoplast buffer

0.4% (w/v) SDS ,1.5 M Tris HCI (pH8.8)

0.4% (W/v) SDS ,0.5 M Tris HCI (pH8.8)

2.5 mM Tris HCI, 2.5 mM glycine, 0.01% SDS (pH8.6)

4.1% SDS, 20% glycerol, 300 mM 2-mercaptoethanol,
0.0001% (wi/v) bromophenol blue, 125 mM Tris HCI
(pH6.8)

50% ethanol (v/v), 7.5% (v/v) glacial acetic acid, 0.06%

(w/v) coomassie brilliant blue R

25% (v/v) ethanol, 8% (v/v) glacial acetic acid

20 mM Tris HCI, 150 mM NacCl, (pH7.6)

TBS + 0.1% (v/v) Tween-20

25 mM Tris HCI, 192 mM glycine, 20% (v/v) methanol
(Merk), (pH8.3)

TBS-T plus 5% (w/v ) skim milk powder (Anchor)

TBS-T plus 2.5% (w/v) skim milk powder (Anchor)

40% sucrose, 10 mM MgCI2, 0.1 M KPO4 (pH®6.2), 2
mg/ml lysozyme, 400 U mutanolysin, EDTA-free

protease inhibitor (Roche, Germany)
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2.1.2.4 Antibodies for Western Blot

Table 2.3. Antibodies used for western blotting

Name

Host Species  Working Dilution  Supplier

rBP polyclonal antibodies

rAP1 polyclonal antibodies
Influenza A M2 Monoclonal
Antibody (14C2)

Anti-rabbit 1IgG (HRP)-polyclonal
Anti-mouse 1gG (HRP)-polyclonal

Rabbit 1:1000 In house
Rabbit 1:1000 In house
Mouse 1:1000 ThermoFisher
Goat 1:1000 Abcam

Goat 1:1000 Abcam

2.1.3 Cell Culture

2.1.3.1 Cell Lines

THP-1

HEK-Blue hTLR

JIT74A.2

Human monocyte-like cell line originally isolated from
peripheral blood of a case of childhood acute monocytic

leukaemia.

HEK?293 cell lines engineered by InvivoGen to stably
co-express human TLR gene along with a NF-xB
inducible secreted embryonic alkaline phosphatase
(SEAP) reporter gene, which can be detected using the
HEK-Blue Detection SEAP detection media. HEK-Blue
hTLR2, HEK-Blue hTLR4, HEK-Blue hTLR2/hTLR1
and HEK-Blue hTLR2/hTLR®6 cell lines were utilised

in this project.

BALB/C monocyte macrophage re-cloned from the
J774A.1 cell line isolated from the ascites of an adult,

female mouse with reticulum cell sarcoma.
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2.1.3.2 Cell Propagation/ Media

THP-1

HEK-Blue™ hTLR

JI74A.2

Roswell Park memorial institute medium 1640 (RPMI-
1640) (Gibco™), 10% (v/v) fetal bovine serum (FBS),
1xPSG, 0.05 mM 2-B mercaptoethanol

Dulbecco's Modified Eagle Medium (DMEM), 4.5 g/l
glucose, 10% (v/v) FBS, 100 U/ml penicillin, 100
pg/ml streptomycin, 100 pg/ml Normocin™, 2 mM L-

glutamine,1xHEK-Blue™ Selection

DMEM, 2 mM L-glutamine, 4.5 g/l glucose, 10% (v/v)
Fetal Bovine Serum,100 U/ml penicillin, 100 pg/ml

streptomycin

2.1.3.3 Positive Controls for Cell Based Assays

PamsCSKa4

Pam2CSKa4

ConA

LPS

Synthetic triacylated lipopeptide (InvivoGen). Positive
control for THP-1, HEK-Blue™ hTLR2/hTLR1,
J774A.2 Utilised at a concentration of 1 pg/ml

Synthetic diacylated lipopeptide (InvivoGen). Positive
control for HEK-Blue™ hTLR2/hTLR®6 cell lines.

Utilised at a concentration of 1 pg/ml

Concanavalin A, a mannose/glucose-binding lectin
isolated from Jack beans (InvivoGen). Positive control
for J774A.2 , utilised at 1 pg/ml

E. coli lipopolysaccharide. Positive control for J774A.2,
utilised at 1 pg/ml.
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2.1.4 Functional Assays

2.1.4.1 Biosensor Binding Assay

Sensor Chip NTA For capture of histidine-tagged molecules by metal
chelation for use in Surface Plasmon Resonance
(Cytiva)

Running buffer 10 mM HEPES (pH7.4), 150 mM NaCl, 3 mM EDTA,

0.005% Tween-20

2.1.4.2 ELISA Based Assays

Carbonate-bicarbonate buffer 0.01 M Na2COs, 0.1 M NaHCOs3 (pH9)

PBS-T 0.05% Tween-20 in PBS

Blocking solution 3% BSA in PBS-T

Table 2.4. Antibodies and peptides used for ELISA based assays

Name Host Species  Working Dilution Supplier
rBP polyclonal antibodies Rabbit 1 pg/mi In house
rAP1 polyclonal antibodies Rabbit 1 pg/mi In house
Influenza A M2 Monoclonal Mouse 1 pg/ml ThermoFisher
Antibody (14C2 Clone)

Anti-rabbit IgG (HRP)- Goat 1:1000 Abcam
polyclonal

Anti-mouse 1gG (HRP)- Goat 1:1000-1:4000 Abcam
polyclonal

Anti-mouse IgA (HRP)- Goat 1:4000 Abcam
polyclonal
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Name Working Dilution  Supplier

Recombinant BP 1 pg/mi In house
Recombinant AP1 1 pg/mi In house
Recombinant human TLR2 extracellular domain 1 pg/mi SinoBiological
(Met1-Arg587) with C-terminus 6xHis tag

Recombinant M2e with KLH conjugation 1 pg/mi Scram Co., Ltd.

2.1.4.3 Flow Cytometry Based Assays

EDTA Calcium chelator to detach adherent HEK-Blue™
hTLR cell lines, used at 10 mM

TrypLE Recombinant enzyme to detach adherent J774A.2 cell

lines, used at 10x dilution

FACS Buffer PBS, 1% FBS, 5 mM EDTA

Blocking buffer 2% BSA in PBS

Table 2.5. Antibody panel used to detect expression of murine macrophage receptors. All
antibodies supplied from BioLegend.

Target Fluorophore Working Dilution Clone

CD80 PE/Cyanine7 1:200 16-10A1
CD86 PE 1:3200 GL-1
MHCII Alexa Fluor® 647 1:40 M5/114.15.2
F4/80 FITC 1:500 BMS8
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2.1.4.4 Cytokine Detection Assays

Human TNFa ELISA EK-0001 Human TNFa ELISA kit (Crux Biolab)

Luminex Discovery Assay Premixed, 7-Plex, mouse Luminex assay kit containing
beads to detect IFNy, IL-2, IL-4, IL-6, IL-10, IL-17 and
TNF (R&D systems)

2.1.45 TLR Activity Detection Assay

HEK-Blue Detection HEK-Blue Detection powder, 50 ml endotoxin-free

water (InvivoGen)

Polymyxin B Antibiotic to remove endotoxin (LPS) from proteins
expressed in E. coli before their use in assays, utilised

at a concentration of 100 pg/ml

Endotoxin-Free water ToxOut™ Endotoxin Free Water (BioVision) used as

negative control for HEK-Blue™ hTLR cell lines

SSL3 Staphylococcal Superantigen-Like Protein 3. TLR2

antagonist derived from Staphylococcal aureus

2.1.4.6 Macrophage Activation Assay

MTT solution 5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide in PBS
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2.2 Methods
2.2.1 DNA Purification

2.2.1.1 Purification of Genomic DNA from S. pyogenes/ L. lactis

For isolation of DNA from GAS, bacteria was inoculated into 1.2 ml of BHI medium in an
Eppendorf tube and incubated overnight at 37°C without agitation. For isolation from L. lactis,
bacteria was inoculated into 1.2 ml of GM17 medium in an Eppendorf tube and incubated
overnight at 28°C without agitation. The culture was subsequently spun at 5,000 g for 5 minutes
and the supernatant was discarded. The pellet was washed twice with 1 ml of a 10 mM Tris
(pH8.0) and 50 mM EDTA solution before the supernatant was discarded and the pellet was
resuspended in 400 pl of a 10 mM Tris (pH8.0) and 50 mM EDTA solution. The solution was
supplemented with 4 pl 10 U/ml mutanolysin, 4 pl 10 mg/ml RNase and 5 pl 100 mg/ml
lysozyme and the tube was incubated at 37°C for 1 h with gentle agitation. This was followed
by the addition of 80 ul proteinase K (1 mg/ml) and a further incubation for 30 min at 28°C.
The genomic DNA was then isolated using a Monarch Genomic DNA Purification Kit (NEB)
as per the manufacturer’s instructions. DNA was eluted into 20 pl of pre-heated water and
quantified by UV spectrophotometry using a Nanodrop ND-1000 Spectrophotometer (Thermo
Scientific) before storage at -20 °C.

2.2.1.2 Purification of Plasmid DNA

E. coli DH5a was inoculated into 10 ml LB containing the appropriate antibiotics and incubated
overnight at 37°C while being agitated at 200 rpm. The culture was spun at 4,000 g for 15
minutes and the supernatant was discarded. The plasmid DNA was subsequently isolated using
a Nucleospin plasmid miniprep kit (Macherey-Nagel) according to the manufacturer’s
instructions provided with the kit. DNA was eluted into 30 pl of pre-heated water and quantified
by UV spectrophotometry using a Nanodrop ND-1000 Spectrophotometer (Thermo Scientific)
before storage at -20 °C.

2.2.1.3 Agarose Gel Electrophoresis

Agarose gels for DNA analysis were prepared by dissolving 1% (w/v) molecular grade agarose
(Bioline) in TAE buffer and subsequently adding 1:10,000 SYBR™ Safe DNA gel stain
(Invitrogen). The solution was poured into a gel caster with combs to create sample loading
wells and submerged in TAE buffer after setting. DNA samples were mixed with 6 x DNA
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loading dye at a ratio of 5:1 and loaded into wells. 1 Kb plus DNA ladder (Invitrogen) was
loaded into the first well as a molecular-weight reference. The gel was run at 100 V and 400
mA for 30 minutes using a PowerPac™ basic power supply unit (Bio-Rad) and visualised using

a ChemiDoc™ imaging system (Bio-Rad).

2.2.1.4 Gel Extraction of DNA

The agarose gel was placed over Dark Reader® DR46B transilluminator (Clare Chemical
Research) and the desired DNA fragments were excised from the gel using a sterile scalpel.
The gel fragment was placed in an Eppendorf tube and placed on dry ice to freeze, before being
mashed using a sterile pipette. The pipette was left in the gel slurry and tube was frozen again
with dry ice. The frozen gel piece was removed from the tube using the inserted pipette as a
handle and transferred to the top of a filter pipette tip sitting in a clean Eppendorf tube. Once
the gel was thawed, the tube was centrifuged at 13,000 g for 1 minute to elute DNA through
the filter.

2.2.2 Molecular Cloning
2.2.2.1 PCR

Amplification of DNA fragments from single bacterial colonies or purified template DNA was
undertaken using a Mastercycler Nexus thermocycler (Eppendorf). The reactions for single
colony PCR were conducted using Taqg polymerase (made in-house by Professor John Fraser
group, UoA) using the reaction mixture and reaction conditions outlined in Table 2.6 and Table
2.7 respectively. Tag polymerase was also used for producing DNA fragments using

overlapping PCR as outlined in

Table 2.8 and Table 2.9. Additionally, genes of interest were amplified using iProof High-

fidelity DNA polymerase (Bio-Rad) as per the reaction mixture and conditions in
Table 2.10 and Table 2.11.

Table 2.6. Single colony PCR reaction mixture (for a 15 ul reaction)

Reagent Final Concentration Volume (ul)
10x PCR buffer 1x 1.5 ul
25 mM MgCl: 2.5 mM 1.5l

44



10 mM dNTPs 0.2mM 0.3 ul
10 uM Forward primer 0.2 uM 0.3 ul
10 uM Reverse primer 0.2 uM 0.3 ul
5 U/ pl Tag DNA polymerase 0.1 U/l 0.3 ul
UltraPure water - 10.8 ul
Table 2.7. Thermal cycles for single colony PCR
Step Temperature (°C) Time (s) Cycles
Initial denaturation 95 300 1
Denaturation 95 30
Annealing X* 60 15
Extension 72 60/kb
Final extension 72 600 1
*Annealing temperature based on the Tm of the primers
Table 2.8. Overlapping PCR reaction mixture (for a 100 pl reaction)
Reagent Final Concentration Volume (ul)
10x PCR buffer 1x 10 pl
25 mM MgCl2 1.25 mM 5ul
10 mM dNTPs 0.15mM 1.5ul
100 pM Forward primer 2 UM 2 ul
100 uM Reverse primer 2 UM 2 ul
5 U/ pl Tag DNA polymerase 0.075 U/ pl 1.5l
UltraPure water - 78 ul
Table 2.9. Thermal cycles for overlapping PCR
Step Temperature (°C) Time (s)
Denaturation 95 40
Annealing 50 45
Extension 72 600
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Table 2.10. PCR amplification for genes of interest (for a 50 pl reaction)

Reagent Final Concentration Volume (ul)
5% iProof buffer 1x 10 pl
10 mM dNTPs 0.2mM 1l
10 uM Forward primer 0.5 uM 2.5 ul
10 uM Reverse primer 0.5 uM 2.5 ul
2 U/ pul iProof polymerase 0.02 U/ pl 0.5 ul
Template DNA 50 ug Xul
UltraPure water - Up to 50 pl
Table 2.11. Thermal cycles for genes of interest
Step Temperature (°C) Time (s) Cycles
Initial denaturation 98 30 1
Denaturation 98 10
Annealing X* 30 25-35
Extension 72 30/ kb
Final extension 72 600 1

*Annealing temperature based on the Tm of the primers

2.2.2.2 Restriction Enzyme Digestion and Ligation

Vector and insert DNA was first digested with restriction enzyme(s) to gain compatible ends.
Digestion was performed in a total volume of 10 pl consisting of 1 ug of DNA, 1 ul of 10x
compatible reaction buffer and 1 pl of restriction enzyme(s) (NEB). The digestion mixture was
incubated at 37°C either overnight or for 2 hours if using high fidelity enzymes. The resulting
linearised plasmids were treated with 1 pl of 5000 U/ml calf intestinal alkaline phosphatase for
another 30 min at 37 °C to prevent self-ligation. Restriction enzymes were subsequently
removed either by incubating the mixture at 65°C for 20 minutes or by performing a gel
extraction. Purified vector and insert were mixed at a molecular ratio of 1:3 in a total volume

of 10 ul containing 1 ul of 10x ligation buffer and 1 pl of T4 DNA ligase. The reaction mixture

was then incubated on ice overnight.
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2.2.2.3 Preparation and Transformation of Chemically Competent E. coli

A single colony of DH5a or BL21 (DE3) E. coli was inoculated into 2 ml of SOB and grown
overnight at 37°C with agitation at 200 rpm. The next day, 1 ml of this culture was added to
100 ml of fresh SOB and incubated with agitation at 200 rpm at 37°C until an ODseoo between
0.4-0.6 was reached. The cells were harvested by centrifugation at 4,000 rpm for 10 minutes at
4°C and resuspended in 32 ml of ice cold CCMB80 buffer. The cells were then incubated on
ice for 20 minutes before being centrifuged for 10 minutes at 4,000 rpm at 4°C. The supernatant
was completely removed and the bacterial pellet was resuspended in 4 ml of ice cold CCMB80
buffer. The cells were left to incubate on ice for another 20 minutes before being divided into
50 ul aliguots in pre-chilled Eppendorf tubes. The tubes were snap frozen in a dry ice ethanol
bath and stored at -80°C until use.

A tube of chemically competent E. coli was thawed on ice and 5 pl of ligation mix or 1 pl of
plasmid prep was added before the bacteria were incubated on ice for 10 minutes. The tube was
heat shocked for 45 seconds on a heat block pre-heated to 42°C before being immediately
transferred to ice. After a 2 minute incubation period 1 ml of LB was added for recovery and
the cells were incubated at 37°C for 30 min. After a 5 minute centrifugation at 5000 rpm, the
media was removed and cells were resuspended in 100 pl of LB. The bacteria was then plated
on a LB agar plate supplemented with the appropriate antibiotics and incubated overnight at
37°C.

2.2.2.4 Preparation and Transformation of Electrocompetent L. lactis

A single colony of L. lactis MG1363 was inoculated into 1.5 ml of GM17 broth and grown
overnight at 28°C without agitation. The next day, 1 ml of this culture was added to 50 ml of
fresh GM17 and incubated without agitation at 28°C until the ODeoo was between 0.4-0.6. The
cells were harvested by centrifugation at 4,000 rpm for 15 minutes at 4°C and then underwent
wash steps at 4,000 g at 4°C, 5 minutes per round of centrifugation. The bacteria were washed
twice with 4 ml of ice cold sterile water, twice with 2 ml of ice cold 50 mM EDTA and twice
with 2 ml of ice cold 0.5 M sucrose containing 10% glycerol. Finally, the cells were gently
resuspended in 0.4 ml of ice cold 0.5 M sucrose containing 10% glycerol and used immediately

for electroporation.
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One microliter of plasmid DNA (0.2-1 pg) was mixed with 100 pl of cell suspension and
incubated on ice for 5 minutes before being transferred to a pre-chilled 2 mm cuvette. The Gene
Pulser Xcell Electroporation System (Bio-rad) was used to apply a single pulse of 2.5 kV, with
capacitance at 25 uF and resistance at 200 Q. The cells were recovered by immediately adding
1 ml of GM17 supplemented with 200 mM MgCl2 and 20 mM CaCl: to the cuvette and
incubating on ice for 10 minutes. The cells were transferred to an Eppendorf tube and incubated
for 3 hours at 28°C without agitation. Additionally, at least 1 hour before the end of the bacterial
incubation period, a GM17 agar plate containing the appropriate antibiotics was incubated at
28°C. Following the 3 hour incubation, cells were centrifuged for 5 minutes at 5,000 rpm before
media was removed and the cell pellet was resuspended in 100 pl of GM17. The bacteria was

then plated on the pre-warmed agar plate and incubated for 24 hours at 28°C.

2.2.3 Protein Expression and Purification
2.2.3.1 Cell Wall Extraction of L. lactis

A single colony of L. lactis was inoculated in 15 ml of GM17 media with appropriate antibiotics
and incubated statically overnight at 28°C. This culture was centrifuged at 4,500 rpm for 10
minutes at 4°C and the resulting cell pellet was washed once with PBS. The pellet was
resuspended in 1 ml of ice cold protoplast buffer and incubated for 3 hours at 37 °C with
rotation. Cellular debris was removed via centrifugation at 15,600 g for 15 min at 4 °C and the

extract was analysed using western blot or stored at -20 °C.

2.2.3.2 Affinity Purification of L. lactis Supernatant Pilus Proteins

A single colony of L. lactis was inoculated into 1 ml of GM17 with appropriate antibiotics and
incubated overnight at 28°C under static conditions. The medium was diluted to a cell density
of ~1x10” CFU/ml based on the conversion equation of ODesoo 1.0=~1x108 CFU/ml and 1 ml
of this bacterial suspension was centrifuged at 4,000 xg for 15 minutes at 4°C and supernatant
was collected. The Protein A agarose beads (ABT) (100 pl) were incubated with 1 pg of rBP
polyclonal antibody for 4 hours at 4°C under rotary agitation. The mixture was then centrifuged
for 2 minutes at 3,000 g at 4°C and supernatant was discarded. The beads were then washed by
adding 1 ml wash buffer under agitation, before centrifugation was undertaken for 2 minutes
at 3,000 xg at 4°C. The wash step was repeated twice before beads were incubated with the

prepared supernatant overnight at 4°C under rotary agitation. The mixture was centrifuged for
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2 minutes at 3,000 xg at 4°C, supernatant discarded and wash steps as above repeated. Beads
were then incubated for 10 minutes with 100 ul of 0.2 M glycine (pH2.6) with frequent
agitation and elution was undertaken by centrifugation at 300 xg before equal volumes of Tris
HCI (pH8) was added to neutralise the solution. This process was repeated two more times and

elutant was pooled and analysed using western blot.

2.2.3.3 Recombinant Protein Expression in E. coli

A single colony of E. coli BL21(DE3) containing the plasmid for expressing the gene of interest
was inoculated in 100 ml of LB media with appropriate antibiotics overnight at 37°C with
agitation at 200 rpm. The following morning the culture was added to 900 mL of fresh LB
media (with appropriate antibiotics) and incubated at 37°C with agitation at 200 rpm until the
ODsoo Was between 0.6-0.8. The culture was transferred to an agitating incubator set at 28°C
and cooled for 30 minutes before the addition of 0.1 mM IPTG. The culture was incubated for
a further 5 hours at 28°C with 200 rpm agitation before centrifugation at 4,000 xg for 30 mins
at 4°C. After removal of supernatant, the pellet was stored at -20°C until purification was

performed.

2.2.3.4 Nickle Affinity Chromatography Purification

The frozen E. coli pellet was resuspended in 6% w/v of MCAC lysis buffer and sonicated on
ice using the Q700 sonicator (Qsonica). The cellular debris was pelleted by centrifugation for
30 minutes at 10,000 g at 4°C and the supernatant was collected and filtered using a 0.22 pm
filter unit (Merck). The clarified bacterial lysate was passed over a gravity flow column packed
with 2 ml of nickel-charged nitrilotriacetic acid resin (Biorad) and pre-equilibrated with 10
column volume (CV) of MCAC-0. The column was then washed with 5 CV of MCAC-0 to
remove unspecific binding and the protein was then eluted in a stepwise manner with 5 CV of
MCAC-0 supplemented with increasing concentrations of imidazole from 10 mM to 100 mM
(MCAC-10 to MCAC-100). The collected fractions were prepared and analysed using SDS-

PAGE and the fractions containing the recombinant protein were pooled together.

Protein expressed in the pPROEX-Htb vector was dialysed overnight at 4°C against PBS and
concentrated using the 50 kDa molecular weight cut-off Vivaspin protein concentrator (GE

Healthcare) before further purification using size exclusion chromatography.
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On the other hand, protein expressed in the pET32a3c vector was dialysed against MCAC-0
overnight at 4°C before incubation with 5 pg/ml 3C protease and 1.5 mM DTT at 37°C for one
hour. The protein was then repassed through the column and the flow through was collected
before MCAC-0 with 100 mM imidazole (MCAC-100) was used to elute and collect the
cleaved tag. The final protein product was analysed by SDS-PAGE and dialysed against PBS
overnight at 4°C. The following day, the proteins were concentrated using the 3 kDa molecular

weight cut-off Vivaspin protein concentrator (GE Healthcare) and stored at -20°C.

2.2.3.5 Size Exclusion Chromatography

Protein expressed in the pPROEX-Htb vector and processed using affinity purification was
passed over a Superdex 200 Column (GE Healthcare) connected to an AKTA protein
purification system (GE Healthcare). Prior to protein loading the column was washed with 2
CV of H20 and equilibrated with 5 CV of SEC buffer at a flow rate of 0.75 ml/min. The protein
was loaded onto the column and eluted at a flow rate of 0.4 ml/min, with peak absorbance at
280 nm collected as fractions. The fractions were analysed by SDS-PAGE and clean fractions
of the recombinant protein were pooled together and dialysed against PBS overnight at 4°C.
Proteins were then concentrated using the 50 kDa molecular weight cut-off Vivaspin protein

concentrator (GE Healthcare) and stored at -20°C.

2.2.3.6 Glutathione S transferase Purification

The frozen E. coli pellet was resuspended in 6% w/v of GSH lysis buffer and sonicated on ice
using the Q700 sonicator (Qsonica). The cellular debris was pelleted by centrifugation for 30
minutes at 10,000 xg at 4°C and the supernatant was collected and filtered using a 0.22 um
filter unit (Merck). The clarified bacterial lysate was passed over a gravity flow column packed
with 1.5 ml of glutathione agarose resin (ABT) and pre-equilibrated with 10 CV of GSHI. The
column was then washed with 10 CV of GSHII to remove unspecific binding and the protein
was then eluted with 10 CV of GSHIII collected in ~2 ml fractions. The collected fractions
were prepared and analysed using SDS-PAGE and the fractions containing the recombinant

protein were pooled together.

Proteins were dialysed overnight against PBS at 4°C and concentrated using the 3 kDa
molecular weight cut-off Vivaspin protein concentrator (GE Healthcare) before being stored at

-20°C. Proteins requiring cleavage were treated with 5 pg/ml 3C protease and 1.5 mM DTT
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whilst being dialysed against GSHI overnight at 4°C. The protein was then repassed through
the column and the flow through containing protein was collected. Subsequently, the column
was washed with GSHII and the GST tag was eluted with GSHIII and also collected. The final
protein product was analysed by SDS-PAGE and dialysed overnight against PBS at 4°C.
Finally, the proteins were concentrated using the 3 kDa molecular weight cut-off Vivaspin

protein concentrator (GE Healthcare) and stored at -20°C.

2.2.4  Protein Characterisation and Analysis
2.2.4.1 Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

One-dimensional discontinuous SDS-PAGE under reducing conditions was performed to
analyse purified proteins. This required the preparation of 12.5% polyacrylamide gels prepared
in Hoefer Dual Gel Caster (GE Healthcare) and composed of resolving and stacking gels as per
Table 2.12.

Table 2.12. Compositing of 12.5% SDS-PAGE gel

Reagents Resolving Gel Stacking Gel
Acrylamide/Bis 4.2 mi 0.5 ml
Resolving buffer 2.5 ml -
Stacking buffer - 0.83 ml

Water 3.3ml 2ml

TEMED 8 ul 3.3 ul

10% APS 60 pl 40 pl

Proteins were combined 1:1 with 2x protein loading buffer and heated for 5 minutes in a 90°C
dry bath before loading onto the prepared gel. The first well was loaded with Benchmark
protein ladder (Invitrogen) as a molecular-weight size marker comparison. Electrophoresis was
undertaken at 200 V, 25 mA per gel in SDS running buffer for 1 hour. Gels were stained in
coomaisse staining solution for 1 hour at room temperature before being detained in destaining
solution for an adequate amount of time. The separated proteins were then visualised using the
Chemidoc imaging system (Bio-Rad).
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2.2.4.2 Western Blot Analysis

Protein samples were separated by SDS-PAGE, with the first well of the gel loaded with
Benchmark Pre-stained Ladder (Invitrogen) which doubled as a molecular weight reference
and a monitor for protein transfer efficiency from the gel to the blotting membrane. The SDS-
PAGE gel was transferred onto a BioTrace™ NT nitrocellulose transfer membrane (Pall) in
western blot towbin transfer buffer using a Hoefer TE77 semi-dry transfer unit (Amersham
Biosciences) at 250 V, 50 mA for 1 hour. The membrane was then incubated in blocking
solution for 1 hour on a shaker at room temperature before being washed with TBS-T. This
was followed by the addition of probing solution containing primary antibody diluted to the
appropriate concentration and incubation of the membrane at 4°C overnight with constant
rotation. The membrane was then washed 3 times in TBS-T, with each wash cycle undertaken
for 5 minutes on a shaker. Subsequently, probing buffer with HRP conjugated secondary
antibody was added and the membrane was incubated at room temperature for 1 hour, on a
shaker. Unbound antibodies were removed by 3% 5 minute wash steps in TBS, performed on a
shaker. ECL detection reagent (Amersham Biosciences) was used to detect the desired proteins
on the membrane, with the chemiluminescent signals captured using the Chemidoc imaging

system (Bio-Rad).

2.2.4.3 Protein Labelling

Recombinant proteins were concentrated to at least 2 mg/ml and dialysed against 50 mM
bicarbonate buffer (pH9) overnight at 4°C. Fluorescent Red Mega 485 NHS-ester label (Sigma-
Aldrich) was added to proteins at an equimolar amount and incubated for 1 hour on a rotator
at room temperature, in the dark. The conjugated protein was then separated from unreacted
free dye using Hi-trap Sephadex G25 column (Cytiva) connected to an AKTA protein
purification system (GE Healthcare). The column was washed with 2 CV of H20 and
equilibrated with 5 CV of PBS before sample was loaded onto the column. The protein was
eluted with PBS at a flow rate of 0.2 ml/min with peak absorbance at 280 nm collected as
fractions. The fractions were run on SDS-PAGE and the gel was imaged using a UV sample
tray on the Chemidoc imaging system (Bio-Rad) to confirm the presence of fluorescently
labelled recombinant proteins. The absorbance of the proteins at 280 nm and 485 nm (the
maximum wavelength of the dye) was measured before degree of labelling (DOL) was

calculated using the equation: DOL = (Amax x €280) / ((A280 - Amax x CF) X €max).
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2.2.4.4 Protein Integrity Sandwich ELISA

MaxiSorp Immuno-assay plates (Nunc) were coated overnight at 4°C with 100 ul/well of
antigen (BP or AP1) diluted to 1 pg/mL in PBS. The plates were then washed 3 times using
PBS-T and incubated with blocking solution for 1 hour at room temperature. Fusion protein
samples were prepared in PBS as a three-fold serial dilution series and 100 pl added to each
well before plates were incubated for 2 hours at room temperature. The plates were then washed
3 times with PBS-T and incubated for 2 hours at room temperature with 100 pl/well of
Influenza A M2 Monoclonal Antibody (14C2) (Thermofisher) diluted in PBS-T to the
appropriate concentration. The plate underwent 3 washes with PBS-T again and was
subsequently incubated for 1 hour at room temperature with 100 ul/well of anti-mouse 1gG
(HRP)-polyclonal antibody (Abcam) diluted in PBS-T to the appropriate concentration. The
plate was then washed 5 times with PBS-T and 100 pl/well of TMB was added to the plate.
After the reaction was allowed to progress in the dark for 5 minutes at room temperature, 100
pl/well of 1 M HCI was used to stop the reaction. The absorbance was measured at 450 nm
using the EnSightTM Multimode plate reader (Perkin Elmer, USA).

2.2.5 Protein Interaction with Immobilised Receptor
2.2.5.1 Biosensor analysis of Protein Affinity to TLR2

Kinetic binding analysis of recombinant pilus proteins was analysed using Biacore T200 (GE
Healthcare, Sweden). Recombinant human TLR2 extracellular domain (Met1-Arg587) with C-
terminus 6xHis tag (SinoBiological) was immobilised onto a nitrilotriacetic acid sensor chip
(GE Healthcare) using an amine coupling kit as per the manufacturer’s instructions (GE
Healthcare, Sweden). Following activation of the sensor chip using a mixture of 0.2 M N-ethyl-
N’-(3-dimethylaminopropyl) carbodiimide and 0.05 M N-hydroxysuccimide at a 1:1 ratio,
TLR2 was coated onto flow cell 2 (FC2) of the chip at 4 pg/ml in 10 mM sodium acetate
(pH4.5) to 880 RU. The unoccupied surface on the chip was then blocked with 1 M
ethanolamine (pH8.5). The reference flow cell (flow cell 1, FC1) was activated and deactivated
following the same protocol but omitting coating ligand to prevent non-specific analyte
interactions. Pilus proteins were diluted in running buffer at concentrations between 0-15 uM
and passed over the chip at 30 pl/ min for 60 seconds. Between each cycle of protein injection,
the chip surface was regenerated with 2 M guanidine HCl at 60 pl/ min for 10 sec between each

cycle. Biacore T200 Evaluation software was used to display the binding response curve.
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2.2.5.2 Solid Phase Binding Assay

MaxiSorp Immuno-assay plates (Nunc) were coated overnight at 4°C with 100 ul/well of TLR2
diluted to 1 pg/ml in carbonate bicarbonate buffer. The plates were washed 3 times using PBS-
T and incubated with blocking solution for 15 minutes at room temperature. Recombinant
protein samples were prepared in PBS as a 1.5-fold serial dilution series and 100 pl added to
each well before plates were incubated for 3 hours at room temperature. The plates were then
washed 3 times with PBS-T and incubated for 2 hours at room temperature with BP or AP1
polyclonal antibodies diluted in PBS-T to the appropriate concentration. The plates underwent
3 washes with PBS-T again and was subsequently incubated for 1 hour at room temperature
with 100 pl anti-rabbit IgG (HRP)-polyclonal (Abcam) diluted in PBS-T to the appropriate
concentration. The plates were then washed 5 times with PBS-T and 100 pl/well of TMB was
added to the plates. After the reaction was allowed to progress in the dark for 5 minutes at room
temperature, 100 ul/well of 1 M HCI was used to stop the reaction. The absorbance was

measured at 450/570 nm using the EnSightTM Multimode plate reader (Perkin Elmer).

2.2.6 Cell Based Assays
2.2.6.1 Maintenance of Cell Lines

Adherent HEK-Blue hTLR and J774A.2 were grown in media as per Section 2.1.3.2 and
passaged every 4 days or when confluency reached 70-80%. THP-1 cells were grown in
suspension media as per Section 2.1.3.2 and passaged every 4 days to a cell density of 5x10*

cells/ml. Handling and passaging of cells was performed as per the manufacturer’s instructions

for HEK-Blue™ hTLR (InvivoGen) or following the guidelines provided by ATCC.

2.2.6.2 Pili Induced Cytokine Secretion Assay

Lactococcus lactis strains, either WT or expressing pilus from different GAS serotypes (PilM1,
PilM2, PilM4, PilM6 and PilM28), were inoculated from frozen stock into 1.5 ml of GM17
media with appropriate antibiotics and grown overnight at 28°C without agitation. After
measuring the ODsoo, bacterial cells were resuspended in RPMI-1640 medium to a cell density
of ~1x10” CFU/ml based on the conversion equation of ODeoo 1.0=~1x10% CFU/ml. THP-1
cells were seeded into 96 well round bottom plates (Thermofisher) at a density of 1x108/ml,
with 100 pl added to each well, and treated with 100 pl/well of L. lactis at 1x10% CFU/mI to
achieve a multiplicity of infection (MOI) of 1. PamsCSKa4 (InvivoGen) diluted in RPMI-1640
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medium to 1 pg/ml was used as a positive control. Plates were incubated at 37°C in the presence
of 5% COz2 for 20 hours and culture supernatant was collected by centrifuging the plate at 400
g for 15 minutes at 4°C. Cytokine levels were determined by testing supernatant on the Crux
Biolab TNF human cytokine ELISA kit as per the manufacturer's instructions. The absorbance
was measured at 450 nm using the EnSight™ Multimode plate reader (Perkin Elmer, USA)
and based on the standard supplied in the kit, GraphPad prism was used to generate a four

parameter logistic fit curve, from which absolute concentrations of TNF was quantified.

2.2.6.3 Flow Cytometry Based Binding Assay

HEK-Blue™ hTLR4 cell lines alongside either HEK-Blue hTLR2 or HEK-Blue hTLR2/6 cell
lines were harvested by removal of growth media and treatment with PBS containing 10 mM
of EDTA. Cells were centrifuged for 5 minutes at 280 xg at room temperature before washing
with PBS to remove cellular debris and proteins and resuspended in ice cold FACS buffer at a
density of 1x107 cells/ml. For assays using HEK-Blue hTLR2, 50 pl of cells was mixed with
2 nM of fluorescently labelled BP/AP1 in 50 pl FACS buffer and for assays using HEK-Blue
hTLR2/6, 50 ul of cells was mixed with 8 nM of fluorescently labelled BP/AP1 in 50 ul FACS
buffer. To assess non-specific binding 50 pl aliquots of HEK-Blue hTLR4 cells were given the
same protein treatments and negative control cells were incubated with 50 pl of FACS buffer.
The cells were incubated on ice for 30 minutes in the dark and supernatant was removed
following centrifugation at 280 xg for 5 minutes at 4°C. Centrifugation was then used to wash
cells twice with 1 ml of ice cold FACS buffer before cells were resuspended in 0.5 ml of FACS
buffer. Cells were strained through a cell strainer and fluorescent signal was analysed using a

LSRII flow cytometer (Becton Dickinson), with 30,000 events collected for each experiment.

2.2.6.4 Competition Assay

THP-1 cells were seeded into 96 well round bottom plates (Thermofisher) at a density of
1x10%/ml, with 100 pl added to each well and co-incubated with 50 pl/well of BP or AP1
diluted in RPMI to 4 nM and 50 pl/well of SSL3 prepared in RPMI as a 3-fold serial dilution.
Plates were incubated at 37°C in the presence of 5% CO:2 overnight and culture supernatant
was collected by centrifuging the plate at 400 g for 15 minutes at 4°C. As per Section 2.2.6.2
supernatant cytokine levels were tested on the Crux Biolab TNF human cytokine ELISA kit as

per the manufacturer's instructions. Cytokine levels detected from cells treated with
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recombinant protein in the absence of SSL3 was defined as maximal cytokine production and

used to calculate percentage cytokine secretion activity.

Alternatively, HEK-Blue hTLR2/6 cells were seeded into 96 well flat bottom plates
(Thermofisher) at a density of 2.8x10°%/ml in HEK-Blue Detection solution, with 180 pl added
to each well. Cells were co-incubated with 10 pl/well of BP or AP1 diluted in Endotoxin-Free
water (Bio-Vision) to 80 nM and treated with 1 pg/ml of polymyxin B, as well as 10 pl/well
of SSL3 prepared in Endotoxin-Free water as a 3-fold serial dilution. Plates were incubated at
37°C in the presence of 5% COz2 for 9 hours and the absorbance was measured at 655 nm using
the EnSight™ Multimode plate reader (Perkin Elmer). Absorbance levels detected from cells
treated with recombinant protein in the absence of SSL3 was defined as maximal TLR

activation and used to calculate percentage TLR stimulation.

2.2.6.5 HEK-Blue hTLR Activation Assay

HEK-Blue hTLR2, HEK-Blue hTLR2/6 or HEK-Blue hTLR2/1 cells were seeded into 96 well
flat bottom plates (Thermofisher) at a density of 2.8x10°%/ml in HEK-Blue Detection solution
(InvivoGen), with 180 ul added to each well. Cells were incubated with 20 pl/well of proteins
in Endotoxin-Free water pre-treated with 1 pg/ml of polymyxin B. PamsCSK4 (InvivoGen)
diluted in Endotoxin-Free water to 1 pg/ml was used as a positive control for HEK-Blue hTLR2
and HEK-Blue hTLR2/6 cells whilst 1 pg/ml Pam2CSKa4 (InvivoGen) in Endotoxin-Free water
was used as a positive control for HEK-Blue hTLR2/1. Endotoxin-Free water was added to
negative control cell wells. Plates were incubated at 37°C in the presence of 5% CO2 for 9 hours
and the absorbance was measured at 655 nm using the EnSight™ Multimode plate reader
(Perkin Elmer).

2.2.6.6 MTT Cell Activity Assay

J774A.2 cell media was replaced with PBS and cells were detached using a cell scraper before
being resuspended in complete media at a density of 1x10° cells/ml or 5x10° cells/ml and
seeded into 96 well flat bottom plates (Thermofisher) with 50 pl added per well. Cells were
then treated with 50 pl of 100 pg/ml BP or AP1 that had been pre-treated with 1 pg/ml of
polymyxin B in RPMI-1640. As a positive control, 50 pl of 1 pug/ml ConA (Sigma-Aldrich) in
RPMI-1640 was used and PBS was given to negative control cells. Plates were incubated at

37°C in the presence of 5% COz2 for 24 hours before the plate was aspirated to remove media.
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All sample wells were treated with 20 pl of MTT solution (Sigma-Aldrich) and 80 pl of fresh
complete media. Plates were then incubated at 37°C in the presence of 5% CO: for 1 hour
before addition of 100 pl/well of DMSO and incubation at room temperature on an orbital
shaker for 15 minutes. The absorbance was measured at 540 nm using the EnSight™

Multimode plate reader (Perkin Elmer).

2.2.6.7 Luminex Based Cytokine Secretion Assay

J774A.2 cell media was replaced with PBS and cells were detached using a cell scraper before
being resuspended in complete media at a density of 1x108 cells/ml and seeded 100 pl/well
into 96 well flat bottom plates (Thermofisher). Cells were then treated with 100 pl of 2 nM rBP
or rAP1 in media, with equal volumes of media and 1 pg/ml PamsCSKa4 added to negative and
positive control cells respectively. Plates were incubated at 37°C in the presence of 5% CO:
for 24 hours. Subsequently, plates were centrifuged at 280 g for 5 minutes at 4°C and
supernatant was collected and stored at -80°C until analysis. The 7-plex Luminex Discovery
assay (R&D systems) was used as per the manufacturer’s instructions to detect cytokines in

supernatant using the Luminex instrument system (Luminex Corporation).

2.2.6.8 Flow Cytometry Analysis of Receptor Expression

J774A.2 cell media was replaced with PBS and cells were detached using a cell scraper before
being resuspended in complete media at a density of 2x10° cells/ml and seeded 0.5 ml/well
into 24 well flat bottom plates (Thermofisher). Cells were then treated with 0.5 ml of 4 nM rBP
or rAP1 in media, with equal volumes of mediaand 1 pg/ml LPS added to negative and positive
control cells respectively. Plates were incubated at 37°C in the presence of 5% CO2 for 24 hours
and supernatant was removed. Cells were then incubated for 10 minutes at 37°C in the presence
of 5% CO2 with 160 pl/well of warm PBS and 1xtrypLE to detach from the plate. 1 ml of
complete media was added to each well and cells were transferred to Eppendorf tubes and
centrifuged for 5 minutes at 300 g at 4°C before being suspended in 100 ul of ice cold blocking
buffer. Cells were incubated on ice for 15 minutes before 1 ml of ice cold FCAS buffer was
added and cells were centrifuged for 5 minutes at 300 g at 4°C. Supernatant was removed and
cells were resuspended in 100 pl of antibody cocktail consisting of antibodies from Table 2.5
combined at the appropriate dilutions in FACS buffer. Negative control cells were resuspended
in equal volumes of FACS buffer. Cells were incubated on ice in the dark for 30 minutes and

supernatant was removed following centrifugation at 300 xg for 5 minutes at 4°C.
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Centrifugation was then used to wash cells twice with 1 ml of ice cold FACS buffer before
cells were resuspended in 0.5 ml of FACS buffer. Cells were strained through a cell strainer
and fluorescent signal was analysed using a Cytek Aurora CS cell sorter (Cytek Bioscience),

with 30,000 events collected for each experiment.

2.2.7 Galleria mellonella Based Assays

Galleria mellonella larvae were purchased from Biosuppliers and kept in the dark at room
temperature with antibiotic supplemented feed, until use. Larvae approximately 1.5 cm in size
with no visible discolouration were used in all assays and shipments of larvae were used within

2 weeks of arrival.

2.2.7.1 Preparation of Bacterial Samples for Injection

WT Lactococcus lactis and strains expressing pilus from different GAS serotypes (PilM1,
PiIM2, PilM4, PilM6 and PilM28), were inoculated from frozen stock into 50 ml of GM17
media with appropriate antibiotics and grown overnight at 28°C without agitation. After the
ODeoo was determined, the cells were then centrifuged at 4,000 xg for 20 minutes at 4°C and
washed with sterile PBS. The bacterial cells were then resuspended in sterile PBS with 10%
glycerol at a concentration where ODsoo Was equal to 10. Cells were divided into 1 ml aliquots
and snap frozen in a dry ice ethanol bath and stored at -80°C until use. Aliquots from each
strain were thawed, centrifuged at x4,000 g for 10 minutes at 4°C and were washed in sterile
PBS before resuspension in 1 ml of PBS. A 10-fold serial dilution of the bacterial suspensions
was prepared from 101 to 106 and the last 3 dilutions (10 to 10%) were plated in triplicate on
GM17 agar plates with the appropriate antibiotics. The plates were incubated overnight at 28°C
and enumerated to determine dilution factors required in order to inject wax moth larvae with

equal concentrations of each bacterial strain.

2.2.7.2 Antibiotic Clearance in Larvae

Ten larvae were isolated from their antibiotic feed and individually placed in wells of 12 well
flat bottomed plates (Thermofisher) without food 48 hours prior to inoculation. This process
was repeated 24 hours prior to inoculation as well. Bacteria stock of WT L. lactis was thawed
and washed once with PBS before being resuspended in PBS at 5x108/ml. Each group of larvae
isolated from feed beforehand and another 10 larvae taken straight from the feed were

inoculated with 20 ul of bacteria suspension using a 29G Micro-fine insulin syringe (BD
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Biosciences) into the last proleg. Immediately after inoculation, 5 larvae from each group were
homogenised in 0.5 ml of PBS by mechanical disruption and the homogenate was serially
diluted and plated in triplicate on GM17 agar before being incubated at 28°C overnight. The
process was repeated for the remaining larvae 6 hours after inoculation. The agar plates were

used for enumeration the following day.

2.2.7.3 Galleria mellonella Infection Model

To prepare for the experiment, 310 wax moth larvae were isolated from their antibiotic feed
and individually placed in wells of 12 well flat bottomed plates (Thermofisher) for 48 hours.
Following this period, frozen bacteria stock of WT Lactococcus lactis and strains expressing
pilus from different GAS serotypes (PilM1, PilM2, PilM4, PilM6 and PilM28) was thawed and
washed once with PBS, then resuspended in PBS at 5 concentrations: 5x10° CFU/mI, 1x10%°
CFU/ml, 2x10° CFU/ml, 4x108 CFU/ml or 2x10” CFU/ml . For each strain of bacteria, groups
of 10 larvae were administered each concentration of inoculum in a 20 pl dosage to the lower
left proleg using a 29G Micro-fine insulin syringe (BD Biosciences). Ten larvae were also
injected with 20 pl of PBS. Larvae were incubated at 37°C and monitored daily for up to five
days post-infection. Daily monitoring consisted of scoring each individual larvae on a health
index scoring system scaling from 0-10 comprised of four phenotypes relating to overall larval

health (activity, cocoon formation, melanisation, survival) (213,214).

Table 2.13. Galleria mellonella health index scoring system

Category Description Score
Active without stimulation

Activity Active with stimulation

Minimal activity with stimulation

None

Full cocoon

Cocoon Formation Partial cocoon

None

None

< 3 spots on beige wax larvae
Melanisation >3 spots on beige wax larvae

Brown or complete melanisation (black)
Survival Alive

Dead

59



2.2.7.4 Haemocyte Density Counts

In preparation for inoculation, 192 wax moth larvae were isolated from their antibiotic feed
and individually placed in wells of 12 well flat bottomed plates (Thermofisher) without food
for 48 hours. Following this period, frozen bacteria stock of WT Lactococcus lactis and strains
expressing pilus from different GAS serotypes (PilM1, PilM2, PilM4, PilM6 and PilM28) was
thawed and washed once with PBS, then resuspended in PBS at a concentration of 5x10°%/ml.
Groups of 24 larvae were administered each strain of bacteria in a 20 pl dosage to the lower
left proleg using a 29G Micro-fine insulin syringe (BD Biosciences). A group of larvae
received 20 pl dosages of PBS and a larvae group was also sham injected with the needle to
use as a baseline. Subsequent to injection, larvae were incubated at 37°C and at 6, 24, 48 and
72 hours post infection, haemocytes were collected from 6 larvae from each group. This was
undertaken by placing larvae on a petri dish over ice to slow down movement and once
immotile, pricking the lower left proleg with a 29G Micro-fine insulin syringe (BD
Biosciences) while applying pressure to the top half of the body. A pipette was used to collect
10 ul of haemolymph from each puncture and 10 pl of PBS with 0.37% B-mercaptoethanol was
added to each sample to prevent melanisation. Haemocyte density was then determined by
loading samples mixed with 1:1 trypan blue on a haemocytometer, with counts from sham

injected larvae subtracted as a baseline.

2.2.7.5 L. lactis Enumeration

For this experiment, 144 wax moth larvae were individually placed in wells of 12 well flat
bottomed plates (Thermofisher) and isolated from feed for 48 hours prior to inoculation. In the
same procedure as in Section 2.2.7.5, 5x10°%/ml inoculum of WT Lactococcus lactis and strains
expressing pilus from different GAS serotypes (PilM1, PilM2, PilM4, PilM6 and PilM28) were
prepared. Groups of 24 larvae were administered each strain of bacteria in a 20 pl injection to
the lower left proleg using a 29G Micro-fine insulin syringe (BD Biosciences). Following
inoculation, larvae were incubated at 37°C and at 0 (immediately after injection), 24, 48 and
72 hours post infection, 6 larvae from each group were homogenised in 0.5 ml of PBS by
mechanical disruption. The homogenate was serially diluted and plated in triplicate on GM17
agar with appropriate antibiotics before incubation overnight at 28°C. The agar plates were

used for colony enumeration the following day.
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2.2.8 Mouse Immunisations

All fusion proteins used to immunise mice were concentrated to 5 mg/ml and pre-treated with
50 pg/ml polymyxin B to neutralise endotoxins. Sterile PBS was used to adjust protein

concentrations for dose response pilot immunisation.

2.2.8.1 Immunisation Schedule

For the pilot immunisation, six groups of female BALB/c mice aged 6-7 weeks, with 5 mice in
each group, were immunised intranasally by administration of 10 pl of vaccine formulations
as per Table 2.14 into the nostril. Mice were immunised three times at one-week intervals (i.e.
vaccinated on days 0, 7, 14) and one week after the final immunisation (day 21), serum,

bronchial alveolar lavage (BAL) and nasal wash (NW) samples were collected.

Table 2.14. Vaccine formulations administered to each immunisation group in pilot study

Immunisation Group ~ Vaccine formulation Immunisation Group  Vaccine formulation
A BP-M2e 1 ug E AP1-M2e 1 ug

B BP-M2e 5 g F AP1-M2e 5 g

C BP-M2e 50 ug G AP1-M2e 50 ug

D BP 50 pg H AP150 ug

For the full panel immunisation, five groups of female BALB/c mice aged 6-7 weeks, with 6
mice in each group, were immunised intranasally by administration of 10 pl of vaccine
formulations as per Table 2.15 into the nostril. Mice were immunised three times at one-week
intervals (i.e. vaccinated on days 0, 7, 14) and one week after the final immunisation (day 21),

serum and NW samples were collected.

Table 2.15. Vaccine formulations administered to each immunisation group in full panel

Immunisation Group Vaccine formulation
A M2e-BP 50 ug
B BP-M2e 50 ug
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AP1-M2e 50 pg
1 ul poly I:C + M2e 1 pg
M2e 1 ug

2.2.8.2 ELISA of Mouse Samples

MaxiSorp Immuno-assay plates (Nunc) were coated overnight at 4°C with 100 pl/well of
antigen (BP, AP1 or M2e) diluted to 1 pg/mL in PBS. The plates were washed 3 times using
PBS-T and incubated with blocking solution for 1 hour at room temperature. The plates were
then incubated with serum or mucosal samples from the mice, with 100 pl added per well. For
mouse samples from the pilot immunisation, serum samples were diluted 1:200 in PBS-T
whilst NW and BAL samples were not diluted before addition to the ELISA. For samples from
the full immunisation panel, PBS-T was used to produce a 2-fold serial dilution of serum
samples from 1:200 and NW samples from neat, which were then added to the ELISA. The
plates were then incubated for 2 hours at room temperature and washed 4 times with PBS-T.
Subsequently, 100 pl/well of anti-mouse 1gG (HRP)-polyclonal (Abcam) or anti-mouse IgA
(HRP)-polyclonal (Abcam), was diluted to the appropriate concentrations in PBS-T and added.
Plates were incubated for 1 hour at room temperature before being washed 4 times with PBS-
T. Finally, 100 pl/well of TMB was added to the plate and after a 10 minute incubation at room
temperature in the dark, 100 pl/well of 1 M HCI was used to stop the reaction. The absorbance
was measured at 450 nm using the EnSight™ Multimode plate reader (Perkin Elmer, USA).
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Chapter 3: Characterising Inflammatory Response to Different
GAS Pili

As outlined previously, there is a large array of GAS strains, with particular strains associated
with distinct disease manifestations. Some strains such as M6 are typically found within mild
infections such as pharyngitis, whereas other strains such as M1 are commonplace in deeper
systemic infections (29). Numerous GAS virulence factors contribute to the manifestation of
these diseases of varying severity, although the degree of contribution of each component is
not entirely clear (215). GAS pili have been shown to play key roles in adherence, invasion,
biofilm formation and immune evasion (38,39,58,75), but this structure’s role in GAS
associated disease manifestation has not been studied. Of note, GAS strains linked to particular
clinical presentations appear to harbour different pilus FCT variants (9,29). This insinuates the

possibility that pilus types may have correlation with disease manifestation.

Many of the inflammatory symptoms seen in infectious diseases are triggered or exacerbated
by cytokines produced during the innate immune response to the pathogen. In the case of GAS,
a human challenge model has recently uncovered the chemokine and cytokine profile of
pharyngitis, with the infection elevating serum levels of inflammatory signals such as 1P-10
and IL-6 (216). Furthermore, cytokines released in response to bacterial infections can promote
skewed differentiation of T cells into Th17, which can expedite the development of
autoimmune diseases by causing prolonged inflammation and damage to tissues; in GAS
infections, this has been implicated with rheumatic heart disease (217-219). During GAS
sepsis, TNF has been pinpointed to propel disruption of the blood brain barrier and in patients
with GAS associated necrotising fasciitis, an influx of IL-1p has been linked to increased
mortality (190,220). Cytokine response is particularly crucial for the progression of such
invasive infections, with the cytokine driven inflammation also propelling tissue haemorrhage
and thrombosis (221). Although the relationship between cytokine mediated inflammation and
GAS disease has been repeatedly illustrated, the bacterial components contributing to the
release of these cell signals has not been entirely defined. | previously began to delve into this
question and demonstrated the inflammatory properties of GAS pilus complex, illustrating its
ability to induce highly inflammatory cytokines such as TNF and IL-8 (206). Thus it is possible
that this virulence factor is one such component of GAS which enforces the sustained state of
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inflammation required for the progression of GAS diseases. In order to explore this idea, the

inflammatory response to a panel of pili across different GAS FCT types was studied.

The 9 different currently identified pilus types can be categorised into 6 antigenic variants.
There is a possibility of different pilus types promoting inflammation to different degrees and
in turn accelerating disease progression in a varied manner. It could tentatively be hypothesised
that pilus types that are found on GAS strains associated with severe disease may induce greater
inflammation, contributing to accelerated disease progression. Therefore, the panel used in this
assay was selected in order to represent a wide range of pilus types across a range of disease
manifestations. This included FCT-4 pilus from a M28 GAS strain associated with acute
rheumatic fever (PilM28), FCT-2 type pilus from a M1 strain associated with invasive disease
(PilM1) and a FCT-1 type pilus of a M6 strain linked to pharyngitis (PilM6). A FCT-6 pilus
from a M2 strain (PilM2) and a FCT-5 pilus from M4 GAS (PilM4) was also incorporated for
coverage of the main FCT types (26).In this chapter, pro-inflammatory responses to GAS pilus
were assessed in cultured immune cells as well as the Galleria mellonella (greater wax moth)

larvae infection model.

3.1 Isolation of GAS pilus from other virulence factors

The original plan for studying the immune response to GAS pilus sequestered from other GAS
virulence factors was to generate fully assembled, cell-free pili expressed by the Gram positive
host L. lactis, which does not produce endotoxin. Theoretically this could be achieved by
expressing the pilus operon in a L. lactis strain with a deletion of the gene encoding the Sortase
A enzyme. Sortase A (SrtA) is the housekeeping transpeptidase with the role of covalently
anchoring proteins containing a cell wall-anchoring domain, including the base subunit of pilus
complexes to peptides within the peptidoglycan on the bacterial cell surface (222). Thus, it was
anticipated that in the absence of this mechanism for attachment of structures to the cell wall,

the expressed GAS pili would be released into the culture media.

3.1.1 Creation of L. lactis Sortase A deletion mutants expressing GAS pilus

A SrtA knockout mutant was created via allelic replacement of the srtA gene in the WT L.
lactis with the spectinomycin resistance gene aad9. Briefly, the flanking regions ~1000bp
upstream and downstream of the srtA gene were amplified using primers listed in Table 2.1

before being cloned into pBS-ccdB and sequenced to confirm the absence of mutations. These
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flanking regions were subsequently ligated into the pFW11 plasmid at the 2 multiple cloning
sites sandwiching the aad9 gene (Figure 3.1A). This plasmid was electroporated into WT L.
lactis to facilitate homologous recombination resulting in the srtA gene becoming replaced with
aad9 (Figure 3.1B). Acquisition of spectinomycin resistance was used to screen successful
mutants, and gene deletion was confirmed with PCR using a selection of primer pairs illustrated
in Figure 3.1B and detailed in Table 2.1. The ~700bp srtA gene was absent from the L. lactis
deletion strain (Figure 3.1C) and as indicated by primers for flanking regions and aad9, the
spectinomycin resistance gene had been integrated into the genome (Figure 3.1C). Finally, the
orientation of the inserted gene was confirmed with the use of aad9 primers and diagnostic
primers (SrtA-FR2.0t and SrtA-FR1.0t) annealing to regions outside of the two flanking
regions (Figure 3.1C).
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Figure 3.1. Allelic replacement strategy for generating L. lactis with SrtA deletion (A)
Flanking regions upstream (FR1) and downstream (FR2) of the srtA gene were cloned into
MCSI and MCSII of the pFW11 plasmid respectively, sandwiching the aad9 gene. (B)
Electroporation of the constructed pFW11 plasmid into WT L. lactis resulted in double
crossover recombination, where srtA was replaced with aad9 in the L. lactis genome. (C)
Various primers illustrated in (B) were used in PCR to confirm integration of aad9 in the
correct orientation. L, 1 kb plus DNA ladder; WT, WT L. lactis chromosomal DNA; A, L. lactis
SrtA deletion mutant; P, pFW11 plasmid with FR1 and FR2 of srtA
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A plasmid encoding for M1 GAS pili expression (PilM1) was subsequently electroporated into
this mutant L. lactis to generate GAS pili expressing, SrtA deleted L. lactis. Transformation of
the plasmid was verified using a primer pair specific for the GAS pilus backbone gene spy0128,
as indicated in Table 2.1 (Figure 3.2A). This strain was grown in liquid culture before cell wall
extract and cell supernatant were run on a western blot using antibodies against the pilus
(backbone) BP and (tip) AP1 subunits (Figure 3.2B). The corresponding samples from L. lactis
expressing PilM1 were simultaneously run as a comparison. Both pilus subunits were detected
in the cell culture supernatant of the deletion mutant, indicating the presence of pilus structures
separate from the cell wall. In comparison, no pilus proteins were detected in the supernatant
of PilM1 L. lactis, which possessed an intact SrtA enzyme (Figure 3.2B). Despite the initial
success with cloning a SrtA deletion mutant, the secreted pilus structure proved difficult to
purify from the culture supernatant. Protein A agarose beads were coupled to BP antibodies
and incubated with the supernatant, before being eluted with glycine. The eluent was then
imaged on a western blot using antibodies against BP (Figure 3.2C). This indicated that pili
were not efficiently purified from the culture supernatant, with substantial loss of the pili
occurring during this process. Despite a number of purification methods tested, the efficiency

of pili recovery could not be enhanced.
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Figure 3.2 Transformation of plasmid for GAS pili expression into L. lactis with SrtA deletion
results in secretion of pili into cell culture supernatant.(A) Transformation of L. lactis with a
M1 GAS pili (PilM1) expression plasmid confirmed with PCR using primers annealing to start
and end of pilin backbone gene (B) Western blot indicates detection of backbone (BP) and tip
(AP1) pilus subunits in the cell culture supernatant of PilM1 L. lactis with SrtA deletion but
not PilM1 L. lactis. (C) Western blot indicates that the process of purifying pili from the cell
culture supernatant results in significant loss of the complex following collection of eluent. a-
W.T PilM1 L. lactis, b- PilM1 L. lactis SrtA deletion strain, c- 10x Concentration PilM1 L.
lactis SrtA deletion strain, L; 1kb plus DNA ladder used in (A) and benchmark protein pre-
stained ladder used in (B) and (C)
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This prompted a change of tactics and L. lactis was utilised as a vehicle to express cell wall-
anchored GAS pili instead. These bacteria were constructed by electroporation of plasmids
harbouring the pilus operons listed in our panel into WT L. lactis. This resulted in a collection
of non-pathogenic bacteria serving as vehicles for delivery of surface expressed, fully
assembled pili to inflammation models. Flow cytometry was used to confirm that the different
strains had similar levels of pilus expression (223). WT L. lactis without pili were used
throughout assays as a control to elucidate baseline changes in immune response generated by

just the bacterial delivery platform.

3.2 Investigating GAS pili induction of cellular inflammation
3.2.1 The GAS pili panel induces inflammation in monocytic THP-1 cells

The inflammatory response against the panel of GAS pili was firstly assessed using monocytic
THP-1 cells. These cells were seeded into a 96 well plate and incubated for 20 hours with the
panel of L. lactis strains expressing PilM1, PilM2, PilM4, PilM6 or PilM28. The cell
supernatant was collected following this incubation period and the secretion of the pro-
inflammatory cytokine TNF was quantified using ELISA. TNF levels from the cells treated
with pili expressing L. lactis were 3.2-fold (PilM1, P=0.04), 3.8-fold (PilM2, P=0.02), 3.5-fold
(PilM4, P=0.04), 6.3 fold (PilM6, P<0.001) and 3.4-fold (PilM28, P=0.04) greater than that of
cells treated with WT L. lactis, illustrating the highly inflammatory properties of pili (Figure
3.3). Although all pilus types appeared to elicit inflammation, there did not appear to be a
distinct pattern between the level of inflammation and the disease severity associated with GAS
yielding those particular pili. Of note, pilus derived from M6 GAS (PilM6) appeared to enhance
cytokine release more than pilus from M1 GAS (PilM1), despite the former strain being more
associated with superficial infections while strains in the latter serotype being frequently linked
to invasive disease (29,224). Furthermore, despite M4 GAS (the strain that produces PilM4)
being a common source of acute glomerulonephritis, which is characterised by inflammation
driven renal damage (29), the cytokine response to this pilus was not particularly high.
Similarly, despite the connection between GAS strains harbouring FCT-3/4 pili (such as
PilM28) and acute rheumatic fever (9), these pilus types did not induce conspicuously high
inflammation. This was contrary to the initial hypothesis which predicted that pilus derived

from GAS strains linked to severe disease would elicit greater levels of inflammation. In order
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to further explore these results, the assay was reiterated in vivo, with the G. mellonella infection
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Figure 3.3. Different GAS pili induce varying degrees of inflammatory responses in THP-1
cells. THP-1 cells were incubated for 20 hours with either WT L. lactis or L. lactis strains
expressing GAS PilM1, PilM2, PilM4, PilM6 or PilIM28 at an MOI of 1. TNF release was
subsequently measured using ELISA. Untreated cells served as a negative control and the Toll-
like receptor 2 agonist PamsCSKa (1 pug/ml) was used as the positive control. The experiment
was performed in duplicate and data from three independent biological repeats is shown as
meanzS.D. Statistical significance was determined by one way ANOVA, and the P-values were
calculated by Holm-Sidak’s multiple comparisons test. ***P< 0.001, *P< 0.05 compared to
cells incubated with WT L. lactis.

3.3 Exploring inflammatory characteristics of GAS pili panel in a wax
worm infection model.

There has been expanding interest in recent years around the use of non-mammalian animal
models for the assessment of host-pathogen interactions due to affordability, easy handling and
lack of ethical concerns (225). G. mellonella is one such model which possesses an intact and
complex innate immune system with the ability to mount both cellular and humoral immune
responses (226). The larval humoral defence mechanisms involve soluble secreted peptides
such as lysozyme, anti-microbial peptides and metalloproteinase inhibitors (227). The cellular
response is dictated by the six types of phagocytic cells which have been identified in the wax
moth immune system; oenocytodis, sphelurocytes, coagulocytes, plasmatocytes,

prohaemocytes and granulocytes (228). Aside from phagocytosis, these haemocytes are also
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implicated in nodulation and melanisation, a process which entraps and kills pathogens and
coagulates as an initial response to wounding (227,229). Furthermore, in a process comparable
to the human immune response, the amount of circulating haemocytes surge in number
following infection (230). The parallels to the human immune system emphasise the suitability
of the wax moth larvae for the investigation of human pathogens and the model has already
been established as a way to study individual GAS virulence factors (214,231,232). The ability
of G. mellonella to survive at 37 °C, which other non-mammalian models such as C. elegans
cannot withstand, makes the moths especially beneficial when studying GAS as the

transcriptome is vulnerable to alterations below this temperature (233,234).

3.3.1 Weaning G. mellonella off antibiotics

The sole supplier of G. mellonella in New Zealand (Biosupplies) grows and ships the larvae
on antibiotic infused feed to maintain their health until the organisms are used in assays. To
ensure L. lactis strains injected into G. mellonella were not killed off by circulating antibiotics
prior to the moth immune system responding to the bacteria, the larvae required a wash-out
phase for antibiotic clearance. This involved periods of isolating moths from feed to prevent
further uptake of antibiotics, whilst allowing any drugs in the larvae to be eliminated. The
required duration for the wash-out period was determined by firstly injecting 20 pl of WT L.
lactis at 5x108 CFU/ml into moths isolated from feed for 0 hours, 24 hours or 48 hours. Larvae
were then homogenised immediately or after a 6 hour incubation period and plated on agar to
determine the CFU/mI of recovered bacteria. When larvae had not been removed from feed
prior to inoculation with L. lactis, the CFU/mI of bacteria recovered was 10-fold lower than
the injected amount, for both bacteria plated immediately after injection and 6 hours later
(Figure 3.4). This was indicative of antibiotics circulating through the larvae exerting
bactericidal properties on the injected L. lactis, resulting in the killing of bacteria. The CFU
counts of L. lactis recovered immediately or 6 hours after injection into larvae starved for 24
hours was approximately 2-fold lower than the inoculated amount (Figure 3.4). Thus, at this
time point, the antibiotics had been partially eliminated but there was still enough drug present
to elicit some bactericidal effect. When G. mellonella were starved for 48 hours before
inoculation, the CFU of L. lactis recovered immediately after injection matched the original
inoculum, indicating the removal of antibiotics from the larval system. Furthermore, when

bacteria were plated from these larvae 6 hours after injection, the CFU count was higher than
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the injected amount, illustrating a lack of antibiotics allowing for further bacterial growth
(Figure 3.4). This 48 hour starvation period was thus utilised across G. mellonella assays in

order to assure the larvae were “antibiotic free” prior to the experiments.
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Figure 3.4. G. mellonella become antibiotic free following duration of wash out.G. mellonella
were isolated from antibiotic feed for 0, 24 and 48 hours before inoculation with 20 pl of WT
L. lactis at 5x108 CFU/ml. G. mellonella were homogenised and plated on agar immediately
following injection or following a 6-hour incubation period and recovered CFU counts were
enumerated. Data is shown for CFU recovered from each individual larvae as well as mean
CFU. The dotted line indicates the initial concentration of L. lactis injected at 5x108 CFU/ml.

3.3.2 Different GAS pili exhibit varying degrees of virulence in the G.
mellonella infection model

Following the results from the THP-1 cytokine assay, the same panel of gain-of-function L.
lactis strains were tested on larvae to evaluate the inflammatory effects of pilus using an
alternative method. To establish the G. mellonella infection model for evaluating the virulence
associated with pili, the initial steps involved performing a dose titration of the L. lactis strains,
including WT bacterium, to determine an optimal dosage for inoculation. G. mellonella were
injected with 5 different concentrations of each strain of L. lactis: 1x10° CFU, 2x108 CFU,
4x10” CFU, 8x10¢ CFU or 4x10° CFU per larva. An additional group of G. mellonella were
injected with PBS to serve as a control. Larvae were monitored across 5 days for survival, as
well as health index based on visual characterisations such as melanisation and cocoon

formation as seen in Table 2.13.
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Whilst all G. mellonella in the control group survived the entirety of the time course, at high
inoculum concentrations, all of the pilus expressing L. lactis were lethal to the larvae. The
1x10° CFU/larvae dosage resulted in a 100% death rate by the end of the time course and the
2x108 CFU/larvae injection resulted in 80-90% mortality by day 5 (

Table 3.1). The lethality of WT L. lactis in larvae was slightly dampened compared to pilus
expressing strains, with death rates at the 1x10° CFU and 2x108 CFU dosages being 90% and
70%, respectively (

Table 3.1). Lowering the dosage to 4x107 CFU/larvae resulted in a significant drop in mortality,
with 60-70% of the larvae injected with pili expressing L. lactis surviving the time course and

80% of the larvae inoculated with WT bacterium remaining alive at day 5 (

Table 3.1). These survival rates indicate that the presence of pili appeared to slightly enhance
the lethality of L. lactis. Non-linear regression curves for larval death reiterated this observation,
with the log LDso values of pili-expressing L. lactis ranging between 7.71 and 7.87, while the
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Figure 3.5).

Many larvae administered the lower dosages of bacteria remained viable throughout the
monitoring period and therefore could not have their health defined by the metric of mortality.
Accordingly, markers for decreased health preceding the event of death were required to detect
more subtle differences between the health burden of different L. lactis strains. This was
achieved with the use of the health index scoring system enveloping physical attributes

associated with immune response and increased health burden such as melanisation and loss of
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cocoon formation (Table 2.13). This scoring system allowed for detection of more refined
differences in larvae health. Health index scoring generally followed the trends seen in survival
rates, while providing extra information to distinguish more attenuated differences in larval
health. At the aforementioned 4x107 CFU/larvae dosage where larvae administered with PilM2,
PilM4 and PilM28 expressing bacterium had the same survival rate, G. mellonella inoculated

with PilM28 had a lower health score than the larvae exposed to the other two L. lactis strains

(

Table 3.1). This pointed towards PilM28 evoking a greater health burden on the larvae, an
attribute not initially apparent when overviewing survival. At dosages where all larvae survived
inoculation, the health scores of G. mellonella given WT L. lactis was up to 1.35-times higher
than larvae administered pilus expressing bacterium, reiterating the slightly higher health

burden posed by the expression of pilus (
Table 3.1).

Although the presence of pilus did have the effect of slightly increasing the health burden posed
by the L. lactis injection, 1x10” CFU/larvae appeared to be an appropriate dosage to stimulate
an immune response at a magnitude that would not overwhelm the larval immune system and

result in extensive mortality.

Table 3.1. Day 5 mean death rates and health index scores of G. mellonella larvae receiving
different dosages of L. lactis strains.

L. lactis | WT | PilIM1 | PilM2 | PilM4 PilM6 PilM28 PBS
train
Inoculum
Day 5 Mortality Rate
1x10° CFU 90% | 100% | 100% | 100% 100% 100% 0%
2x108 CFU 70% | 90% 90% 80% 80% 80%
4x10’ CFU 20% | 40% 30% 30% 40% 30%
8x10° CFU 0% | 0% 0% 0% 0% 0%
4x10° CFU 0% | 0% 0% 0% 0% 0%
Day 5 Health Index Score
1x10° CFU 05 |0 0 0 0 0 9.7
2x108 CFU 1.8 |05 0.6 0.8 0.8 0.6
4x10" CFU 545 | 3.85 3.9 4.1 3.8 3.35
8x10° CFU 89 |755 8.05 7.9 8.1 8.2
4x10° CFU 9.85 | 9.7 9.75 9.5 9.45 9.25
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Figure 3.5. Dose titration of L. lactis in G. mellonella result in variable survival rates.G.
mellonella were injected with 20 pl of WT L. lactis or L. lactis expressing GAS PilM1, PilM2,
PilM4, PilM6 or PilM28 at dosages of 1x10° CFU, 2x108 CFU, 4x10" CFU, 8x10® CFU or
4x10° CFU, with 10 larvae used per experimental condition. Control larva were administered
with PBS in equal volumes. Data is displayed as non-linear regression of wax moth larvae
death rate at day 5 with dose titrations of each L. lactis strain.

3.3.3 Haemocyte density as a measure of GAS pili panel pro-inflammatory
activity in G. mellonella

When investigating the immune response to pili expressing L. lactis at a non-lethal dose, it
became important to utilise metrics such as the health index which capture more subtle
differences than the binary events of death and survival. However, the health index scoring
system relies on grading changes to external features of the larvae, which can be subjective and
inconsistent. Furthermore, these physical alterations do not appear until about 24 hours after
larval inoculation, so they do not illustrate the more immediate immune responses which occur
in the hours following injection. In order to circumnavigate these issues, circulating haemocyte
density was selected as a method to further assess GAS pili immune response in G. mellonella.
Previous studies have reported circulating haemocyte numbers in G. mellonella surging as
quickly as 4 hours post infection, indicating that an early indication of immune response can
be provided by this metric (235). Additionally, compared to subjective visual cues, absolute

haemocyte count is a more objective measurement of immune response.

G. mellonella were inoculated with 1x10” CFU/larvae of WT L. lactis or L. lactis expressing
PiIM1, PilM2, PilM4, PilM6 or PilM28. G. mellonella injected with PBS served as a control.
It should be noted that the use of a needle during the process of inoculation can cause tissue
damage to the larvae. Although inflammation is more heavily affiliated with microbial

infection, sterile tissue damage can also result in the induction of inflammation. PRRs such as

75



TLRs can recognise non-infectious proponents of tissue damage or endogenous molecules
released in the process of cellular injury, termed damage associated molecular patterns
(DAMPs). These DAMPs are therefore able to induce similar inflammatory effects on the
immune system to PAMPs, such the release of intracellular cytokines and the upregulation of
activated immune cells (236). In G. mellonella, wound repairing melanin compounds are
suspected of being DAMPs and wounding simulated by sham injections has been found to elicit
immune responses such as increased haemocyte density and lysosome secretion (237-239).
Therefore, sham injected larvae were included in this study to elucidate baseline haemocyte
density following needle injury. This ensured that background DAMP associated inflammation
induced by the act of injection was not mistaken to be an inflammatory response to L. lactis
strains. At multiple time points across 3 days haemolymph was collected from larvae to assess
haemocyte density. Across larvae administered with various L. lactis strains, circulating
haemocyte density peaked at 24 hours, with the most prominent differences between groups
being apparent at 6 hours post infection (Figure 3.6). At this time point, G. mellonella
inoculated with pili expressing bacteria had significantly higher circulating haemocyte counts
compared to larvae given WT L. lactis, with average cell counts between 1.5-fold (PilM1,
P=0.01) and 2.5-fold (PilM6, P<0.001) greater (Figure 3.6). Consistent with the TNF release
pattern seen in the THP-1 cell assay (Section 3.1), PilM6 had the highest haemocyte density 6
hours post infection, with mean cell counts between 1.4-fold (PilM2, P<0.001) and 1.6-fold
higher (PilM1, P<0.001) than larvae inoculated with the other pili expressing L. lactis (Figure
3.6). G. mellonella exposed to pilus expressing L. lactis continued to exhibit elevated
haemocyte density at 24 hours post infection, which was significantly greater (P<0.001)
compared to that in larvae given WT bacterium. Although circulating haemocyte numbers
dropped for all groups of larvae over the next 48 hours, G. mellonella inoculated with PilM6
L. lactis maintained haemocyte counts that were significantly greater (P<0.001) than larvae
administered with WT L. lactis (Figure 3.6).
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Figure 3.6. Haemocyte density increases with exposure to GAS pili.G. mellonella were injected
with 1x107 CFU of WT L. lactis or L. lactis expressing PilM1, PilM2, PilM4, PilM6 or PilM28,
with 24 larvae used per group. A control group injected with PBS was also included. At 6, 24,
48 and 72 hours post infection, haemolymph was collected and haemocytes counted using a
haemocytometer. Haemocyte counts of 24 sham injected G. mellonella was used as a baseline
and subtracted from all cell counts. Data from three independent biological repeats is shown as
meanzS.D. Statistical significance is determined by two-way ANOVA and P-values (shown in
table) were calculated by Holm—Sidak’s multiple comparisons test.

3.3.4 L. lactis expressing different GAS pili were cleared from G. mellonella
at differential rates

Whether the expression of GAS pili affects the clearance of L. lactis in G. mellonella was also
investigated by enumerating the recovered bacteria in G. mellonella homogenate collected at
6, 24, 48 and 72 hour time points post inoculation. The results show that bacterial CFU
recovered from larvae administered with differing L. lactis strains diverged from 24 hours post
infection. Pili expressing strains of L. lactis had significantly faster rates of clearance by the
host compared to the WT bacteria, with recovered CFU counts between 1.6-fold (PilM2,
P<0.001) and 5.2-fold lower (PilM6, P<0.001) (Figure 3.7). In particular, L. lactis expressing

PilM6 had notably more rapid clearance from the larvae, with recovered colony counts
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significantly lower than those from larvae inoculated with PilM1, PilM2 and PilM4 expressing
L. lactis (Figure 3.7).
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Figure 3.7. GAS pili enhances clearance of L. lactis from G. mellonella. G. mellonella were
injected with 1x107 CFU of WT L. lactis or L. lactis expressing PilM1, PilM2, PilM4, PilM6
or PilM28, with 24 larvae used per experimental group. At 0, 24, 48 and 72 hours post infection,
individual larvae were homogenized in PBS and plated for colony enumeration. One
representative data graph from three independent biological repeats is shown as mean£S.D.
Statistical significance is determined by two-way ANOVA and P-values (shown in table) were
calculated by Holm—Sidak’s multiple comparisons test.

These results are complimentary to the haemocyte density assay. Pili expressing L. lactis
induced higher circulating haemocyte density counts in G. mellonella and faster bacterial
clearance in the first 24 hours following infection. In contrast, WT L. lactis induced lower
circulating haemocyte counts in the larvae and slower rates of bacterial clearance. Of note, the
PilM6-expressing strain induced the highest haemocyte density as well as the fastest clearance
rate. This implies that the pili augment larval immune response, resulting in faster bacterial
clearance.
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Figure 3.8. Haemocyte density correlates to enhanced clearance of L. lactis from G. mellonella.
Correlation analysis of mean haemocyte density of larvae inoculated with WT L. lactis or L.
lactis expressing PilM1, PilM2, PilM4, PilM6 or PilM28 and average CFU of bacteria
recovered from each respective larval group 24 hours post infection. Linear correlation was
determined using the Pearson correlation coefficient (r=-0.8798, P=0.02).

Correlation analysis between the average haemocyte counts of G. mellonella inoculated with
the differing strains of L. lactis and the respective average bacterial CFU recovered from these
larvae further visualised the relationship between immune response to pili and bacterial
clearance. At 24 hours post infection, there was a strong negative correlation between larval
circulating haemocyte density and bacterial CFU recovered (r = -0.8798), emphasising that the

heightened immune response induced by pili is associated with enhanced bacterial clearance.

3.4 Discussion

Research on the GAS pili has been mainly focusing around defining their biological functions
and their role as a virulence factor, as well as their potential as a GAS vaccine target (240). The
innate immune response to GAS pili has been less investigated, despite the complex being a
surface abundant structure. In order to explore this advent, there was a need to sequester the
pili from other GAS virulence factors to avoid the immune stimulating effects exerted from
other GAS components. This was achieved with the use of L. lactis as a surrogate to express
GAS pili. L. lactis utilises the same mechanism of Gram-positive cell wall anchoring as GAS
to display cell wall proteins, with the Lactococcal Sortase A enzyme being able to recognize

the streptococcal cell wall anchoring domains, which contain a LPXTG motif conserved across
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the two bacteria (241). This allows L. lactis to display the fully assembled GAS pili structure
on the cell wall. Additionally, the bacterium is non-pathogenic, ensuring that the immune
response to GAS pili can be studied isolated from other potentially virulent structures (242). In
our group pilated L. lactis strains have already been utilised on numerous occasions, such as to

investigate pili mediated adherence to host cells, and in vaccine studies (66,75).

In this project these pilated L. lactis strains were utilised to assess the immune response towards
different GAS pilus types using monocytic THP-1 cells. The array of GAS pili all increased
the THP-1 cell production of the pro-inflammatory cytokine TNF, demonstrated by cells co-
incubated with pili expressing L. lactis strains having significantly higher TNF secretion than
cells exposed to WT L. lactis devoid of pili (Figure 3.3). The variation in THP-1 stimulation
between different pili recorded was somewhat surprising, with PilM6 inducing notably greater
TNF production compared to the other pili, despite this complex being derived from a GAS
strain more commonly associated with milder pathogenesis such as self-limiting pharyngitis
(29).

In addition, the non-vertebrate G. mellonella larvae was used to model the virulence associated
with different GAS pili. At the higher dosages, the larval immune system appeared to be
overwhelmed by the sheer amount of bacteria introduced, with all L. lactis strains, including
WT, instigating larval mortality. Larvae inoculated with pili-expressing L. lactis strains had
slightly higher mortality rates to the group given WT bacterium, indicating that GAS pili
appeared to exert a small increased health burden on the larvae (Figure 3.4). At the lower
dosages, there was less pronounced larval death across all treatment groups. However, a
difference in health index scoring could be discerned, with G. mellonella inoculated with pili

expressing L. lactis scoring lower than larvae administered the WT strain.

Compared to G. mellonella studies using GAS, a much higher inoculum of bacteria was
required to elicit notable changes in health (231). This is likely due to L. lactis being a non-
pathogenic organism lacking virulence factors. Additionally, pili expression is controlled by
an assemblage of transcriptional regulators (240). These mechanisms promote high pilus
expression during the initial stages of infection, where the adhesive properties of the structure
assist GAS attachment to cells and thus help establish an infection. Expression of these
adhesive pilus complexes are subsequently inhibited, allowing the bacteria to gain increased

ability to spread, aiding in the transition from local colonisation to dissemination (62,243).
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Therefore, it was predicted that exposure of larvae to pili, which are not necessarily essential
through the entire timeline of GAS infection, would have to be at higher dosages to induce
similar outcomes in the larvae to constitutively expressed GAS virulence factors present
throughout the entire cycle of infection. In line with this conjecture, when L. lactis was
modified to display the GAS virulence factor deacetylase and inoculated into larvae, at the
same dosage, the lethality of this gain of function mutant was much greater than the pili
expressing L. lactis used in this chapter (232). This indicates that the pilus is not very virulent
in the G. mellonella model and implies that the structure is relatively safe for biological use
such as administration as part of a vaccine formulation. As the effects of pili on G. mellonella
were more subtle than other virulence factors, dose exploration was found to be important for
establishing an inoculum concentration high enough to accentuate the immune response to pili
without the sheer amount of bacteria injected overwhelming the larvae and leading to mortality

independent of the pilus complex.

The health index score, which is based on visual inspections of G. mellonella administered
with pili expressing bacteria, was able to give an indication that the complex triggered larval
immune response. In particular, these larvae became darkened in colour to a high degree,
indicating the process of melanisation occurring (244). For example, the average melanisation
score of larvae receiving bacteria at the non-lethal 8x10%° CFU dosage was 3.6 for larvae
administered WT bacteria and 2.6 for larvae inoculated with pilated bacteria, where a score of
4 indicated no melanisation. Melanisation occurs following larval oenocytoids releasing
oxidative prophenoloxidase, which facilitates microbial encapsulation (238,245). The release
of prophenoloxidase is subsequent to oenocytoids recognising PAMPSs; this points to pili being
a PAMP recognised by the larval immune system with the ability to induce the activation of
defence mechanisms (245). The post-infection surge in circulating haemocyte density counts
recorded in these melanised larvae ratifies the notion of GAS pili inciting the wax moth
immune system. This surge was demonstrated across all larvae administered different pilus
expressing bacteria. In fact, PilM1 expressing L. lactis, which had low stimulatory properties
in the THP-1 cell based assay, still evoked a substantially greater surge in circulating
haemocytes compared to WT L. lactis (Figure 3.6).

In the panel tested in this study, pro-inflammatory responses varied depending on the pilus type

but the most prominent induction of both larval and monocytic cell line immunity was
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facilitated by PilM6 expressing L. lactis. PilM6, encoded by FCT-1, has distinct properties
compared to other FCT type pili (26,79). Previous studies on this pilus type identified its ability
to propel the formation of biofilms irrespective of cell culture conditions (63). Furthermore,
unlike other FCT type pili which primarily mediate biofilm formation subsequent to the
establishment of a microcolony or via auto aggregation, FCT-1 pili were identified as being
able to utilise its tip subunit as an adhesin for the initial cellular attachment required in the very
early stages of biofilm formation (37,79). These characteristics may have increased the
tendency of PilM6 expressing L. lactis to promptly form aggregates in contact with THP-1
cells or G. mellonella haemocytes, compared to L. lactis expressing other pilus types. The
ensuing enhancement of interactions between pili and immune cells may have contributed to
the high levels of immune response seen across both inflammation models. Further biofilm

assays may shed light on whether this process is occurring.

The most important finding in this study is, disparities in the inflammatory response to GAS
pili did not seem to correspond to the disease severity associated with GAS strains harbouring
those particular pilus types. For instance, despite the highly inflammatory nature of PilM6
(FCT-1) observed here, the GAS strains displaying this FCT type are commonly associated
with non-invasive superficial infections (29). Conversely, PilM1 (FCT-2) is found in GAS
strains associated with more serious invasive infection but demonstrated lower immune
response in these assays. Additionally, although a large portion of GAS strains associated with
acute rheumatic fever express the FCT3/4 type pilus (9), PilM28 did not induce a strikingly
high inflammatory response in the THP-1 cell line or an innate immune haemocyte surge in G.
mellonella. GAS mediated pro-inflammation plays a multi-faceted role in disease progression
that can appear antithetical; the induction of inflammation is pivotal for directing the immune
system to resolve GAS infections but can also propel tissue damage associated with invasive
GAS infection. The absence of positive correlation between pili and disease severity of GAS
strains harbouring these specific pili can be better understood by casting eyes on the haemocyte
and enumeration assays, which appear to indicate that pili mediated inflammation is more

heavily weighted towards bacterial clearance rather than disease progression.

Surges in circulating haemocytes in G. mellonella are facilitated by the release of sessile
haemocyte cells associated with the insect internal organs (246). Following infection, sessile

cells are released into circulation, increasing the availability of haemocytes equipped with
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fighting the invading bacteria (230). G. mellonella have been used to study the virulence of a
plethora of pathogens both bacterial and fungal, and these studies have led to the consensus
that circulating haemocyte counts is dynamic and dependent on the degree of pathogenicity of
the organism the larvae is exposed to. When assessing haemocyte counts following inoculation
of G. mellonella with Actinobacillus pleuropneumoniae for example, strains with lower
virulence facilitated a rise in circulating haemocyte numbers in the initial hours following
infection, while strains identified as being highly virulent induced a drop in circulating
haemocytes (247). After 24 hours, circulating haemocyte counts decreased to baseline levels
in larvae administered low virulence strains, whilst haemocyte density in G. mellonella
receiving highly virulent strains dwindled remarkably below the initial pre-infection count
(247). Similarly, investigations into different species of fungi revealed that larvae administered
high pathogenicity yeast had a subsequent decline in circulating haemocyte numbers whilst
lower pathogenicity yeasts facilitated increased circulating haemocytes (248). It is likely that
this divergence in haemocyte counts occurs due to the cells ability to control and eliminate low
virulence organisms, whilst more virulent organisms are able to evade the G. mellonella
immune system and continue to proliferate, facilitating haemocyte death in the process. This is
echoed in the study investigating fungal pathogens, where higher pathogenicity was correlated
to both lower larval haemocyte densities and higher fungal load above the initial inoculation
dosage (248).

Whilst the emphasis of wax moth larvae assays introduced above was on the virulence of whole
microorganisms, the assays here honed into the immune response to one component of a
pathogen. In fact, this study may be the first to utilise a combination of metrics to assess the
immune response to a bacterial component. In this chapter, the presence of pili corresponded
to surges in haemocyte density but this influx of haemocytes seemed to be able to mount an
effective response to start eliminating bacteria. This was illustrated by bacteria recovered at the
time points following the surge in haemocytes being at a CFU count markedly below the initial
inoculation (Figure 3.7). The PilM6 expressing L. lactis in particular induced the highest surge
in haemocyte counts and inversely the fastest rate of bacterial clearance during this period.
Congruently, WT bacteria generated a less pronounced increase in haemocytes and had a
corresponding slower rate of bacterial clearance (Figure 3.7). The association between
haemocyte counts and bacterial clearance was reaffirmed following determination of the

Pearson correlation coefficient, which illustrated surges in larval haemocyte density having a
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very high negative correlation to bacterial CFU recovered from the larvae. (Figure 3.8). These
results signal that pili induce the activation of the immune system, but pili mediated
inflammation facilitates clearance of bacteria instead of promoting mechanisms such as tissue

damage that intensify pathogenesis.

As briefly mentioned above, many features of the G. mellonella immune system resemble
segments of the human innate immune system. For instance, the NF«B signalling pathway,
which is responsible for activation of a plethora of pro-inflammatory genes, is conserved
between mammals and Lepidopteran insects such as G. mellonella (249). The larvae produce
peptides downstream to this transcription factor which have signalling properties equivalent to
mammalian NF«kB activated cytokines such as TNF, which was investigated in the THP-1 assay
(249,250). Furthermore, both G. mellonella and human innate immune systems respond to the
introduction of pathogens by mounting cells to perform phagocytosis and opsonisation and the
release of pathogen damaging oxidative bursts is also generally conserved (249,251). Thus
although these two systems do not perfectly mirror each other, the high degree of similarity
allows the assumption that the G. mellonella immune response to GAS pili seen in this chapter
roughly translates to the response the human innate immune system would uphold towards the

complex.

The results of this chapter suggest that GAS pili are able to induce pro-inflammatory immune
responses without high likelihood of consequential progression towards more severe disease
and clinical outcomes. This work was also summarised in our paper (252). In the space of
vaccine development, the implication of this observation is that incorporation of GAS pili into
a vaccine formulation can aid in the invigoration of the immune system without posing serious
safety concerns. As indicated previously, pili and pilus proteins have been proposed as a GAS
vaccine candidate, with improved strain coverage compared to more conventional candidates
such as the M protein (223,253). Compared to the M protein based vaccines, strategies using
pili are not implicated in directly contributing to the pathogenesis of ARF and RHD as the pilus
proteins do not have homology to human heart proteins (253-255). The results in this chapter
further enforce the potential of GAS pili based vaccine, illustrating the highly inflammatory
properties of the pili whilst simultaneously suggesting that this immune response does not
exacerbate disease severity and that the structure by itself does not have high pathogenicity.

Accordingly, pilus proteins may offer an approach to inducing strong antibody response with
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low risk of causing damage to the recipient but a deeper investigation into these proteins is

required to strengthen this proposition.
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Chapter 4: Identifying the innate immune receptor for GAS

pili
The pro-inflammatory characteristics of GAS pili across the multitude of pilus types was
demonstrated in Chapter 3, which showed that the immune stimulating effect may facilitate the
defence mechanism of the innate immune system and implied the potential of the complex as
a vaccine component. However, more information on the GAS pili and its subunits is required
before an assessment on the ability of pili to augment antibody response can be made. For
instance, insight into the receptor through which the complex induces an inflammatory
response can become important as this determines the downstream cytokine profile and which

branch of the adaptive immune system is preferentially upregulated (256).

More comprehensive investigations into the immunostimulatory properties of GAS pili both in
the fully assembled form and as individual protein subunits has begun to be undertaken using
pilus from M1 GAS (PilM1). As we described in the pilot study, fully assembled PilM1
expressed on L. lactis induced the secretion of the pro-inflammatory cytokines IL-8 and TNF
from THP-1 cells at a significantly higher level compared to wild type L. lactis lacking this
complex (206). Furthermore, recombinant proteins of the tip (AP1) and backbone (BP) pilus
subunits also had the ability to stimulate high TNF and IL-8 release. Moreover, whole pili on
L. lactis and recombinant pilus subunits were tested against HEK-Blue hTLR cells. These
reporter cell lines are co-transfected to express individual human TLR linked to a nuclear
factor-kappa-B inducible downstream reporter protein, which is secreted into the cell
supernatant upon TLR activation. The protein catalyses hydrolysis of substrates within the cell
supernatant detection solution, driving a colourmetric change to the cell suspension. This can
be utilised to quantify pili mediated activation of TLR. Both pili expressed on L. lactis and
recombinant AP1/BP induced activation of HEK-TLR2 but not HEK-TLR4 or HEK-TLRS5,
the other cell surface TLRs associated with recognition of bacteria (206). On top of this, MCP-
1 release was measured in the pili stimulated HEK-TLR2 cells whereas cytokine release was
not detected from the HEK-TLR4 cells exposed to pili (206).

The results of these assays tentatively indicate that the GAS pili stimulate the innate immune
response through TLR2. In this chapter, further investigation was conducted in order to
characterise pili signaling through TLR2 and pinpoint the TLR2 heterodimeric form required

for recognition of GAS pili.
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4.1 Expression and Purification of Recombinant BP and AP1
4.1.1 Expression and Purification of BP

BL21 E.coli containing a pET32a3c vector for the expression of soluble BP, generated by Dr
Jacelyn Loh at the Department of Molecular Medicine and Pathology (UoA), was used to
produce recombinant BP. This expression system produced the pilin subunit as a ~50kDa
fusion protein consisting of the soluble form of BP (devoid of the N-terminal signal peptide
sequence and C terminal cell wall sorting domain), a N-terminal 6xhisitidine tag, a 3C protease
cleavage site and a thioredoxin tag. The thioredoxin and 6xhistidine tags’ affinity to
immobilised nickel ions allowed for protein purification using immobilised metal chelate
affinity chromatography as outlined in 2.2.3.4. Sonicated bacterial lysate was loaded onto the
nickel column, which underwent step-wise elution with 10-100 mM of imidazole to release the
nickel-bound polyhistidine-tagged proteins. Visualisation of the eluents using SDS-PAGE
revealed the presence of a protein band at about ~50kDa, indicating successful purification of
the ~30kDa BP peptide and ~20kDa thioredoxin tag fusion protein (Figure 4.1).

Imidazole Concentration (mM)
Soluble

L usae 10 20 40 100

50kDa——

Figure 4.1. Purification of BP using nickel affinity chromatography.The soluble fraction of
bacterial lysate from E. coli BL21 pET32a3c BP was passed through the nickel column and the
~50kDa BP protein and thioredoxin tag fusion was collected after elution with increasing
concentrations of imidazole. L; protein ladder.

Fractions from elution with 10 mM to 100 mM imidazole were pooled together and after

overnight dialysis against MCAC-0, the thioredoxin tag was cleaved off using 3C protease.
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Passage of this fraction through the nickel column resulted in the tag binding to the column
and collection of standalone BP in the flow through, as indicated by the ~30kDa protein band
on SDS-PAGE (Figure 4.2). Addition of 100 mM imidazole removed the tag from the column,
as indicated by the ~20kDa protein band (Figure 4.2). BP was obtained with ~90% purity and

underwent overnight dialysis in PBS in preparation for usage in assays.

Cleavage
L A B C

50kDa—

30kDa—

20kDa—

Figure 4.2. Cleavage of thioredoxin tag from recombinant BP protein.Fusion protein (A) was
cleaved using 3c protease to separate the complex into ~20 kDa tag and ~30kDa BP subunit.
The fraction was then passed through the nickel column to separate the BP subunit (B) from
thioredoxin tag (C). L; protein ladder.

4.1.2 Expression and Purification of AP1

BL21 E.coli containing a plasmid constructed with the pPPROEX-Htb vector and AP1 sequence,
generated by Fiona Clow at the Department of Molecular Medicine and Pathology (UoA), was
used to express the soluble portion of AP1. This protein consisted of AP1, with omission of the
N-terminal signal peptide and C-terminal cell wall sorting domain, tagged with N-terminal
6xhisitidine. The recombinant protein was purified by a similar procedure as the one described
for BP (as outlined in 2.2.3.4), and the protein was subsequently visualized on SDS-PAGE
(Figure 4.3). A protein band at about ~100kDa eluted by 20-100 mM imidazole indicated the
presence of AP1 in the eluent. However, native E. coli proteins also appeared to be present in
these fractions, with several other bands evident on the SDS-PAGE. Thus, the eluted fractions

were dialysed against PBS and concentrated for further protein purification.
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Figure 4.3. Purification of AP1 using nickel affinity chromatography.The soluble fraction of
bacterial lysate from E. coli BL21 pROEX-Htb AP1 was passed through the nickel column and
the ~100kDa AP1 protein was collected after elution with increasing concentrations of
imidazole. L; protein ladder.

The second round of purification employed size exclusion chromatography (SEC) to separate
the ~100kDa AP1 from the lower molecular weight E. coli protein contaminants. AP1 was
eluted using phosphatase based SEC buffer with fractions collected based on the UV peaks
recorded by the chromatogram. As before, fractions were visualised on SDS-PAGE to
determine the outcome of purification (Figure 4.4). The first major absorbance peak on the
chromatogram was collected as two fractions (Figure 4.4, fractions 1, 2) and was shown to be
clean fractions solely containing the ~100kDa AP1 protein. The second, smaller absorbance
peak collected over three fractions (Figure 4.4, fractions 3, 4, 5) appeared to contain both the
AP1 protein and a lower molecular weight contaminant. Thus, the first two fractions, which
were obtained with >95% purity, were pooled together and dialysed overnight against PBS for

use in downstream assays.
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Figure 4.4. Purification of AP1 using size exclusion chromatography.Subsequent to nickel
affinity chromatography, protein fractions containing AP1 were pooled and further purified
using size exclusion chromatography. Fractions collected during elution (fractions 1-5) were
analysed using 12.5% SDS-PAGE (lanes 1-5). Solid blue line indicates the UV absorbance
during the elution period (mAU) and sections between red lines indicate the points at which
fractions were collected. Fraction numbers correspond to numbered lanes on SDS-PAGE. L;
protein ladder.

4.2 Interaction of pilus subunits and TLR2

Prior to this chapter, characterisation of physical interactions between pilus proteins and TLR2
had not been undertaken. Previous studies examining the interactions between Neisseria
meningitides porin B (PorB) and TLR2 helped provide a possible framework for approaching
this analysis. Analogous to the TLR2 stimulating capabilities of GAS pilus proteins, porin B
from Neisseria meningitides has also been depicted to activate this specific TLR. For instance,
incubation of PorB with HEK cells expressing TLR2 and NF«kB inducible luciferase resulted
in a dose dependent increase in luminescence not observed in the absence of TLR2 (257).

However, the initial events leading to activation were not well understood. Massari et al (2006)
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extrapolated from these findings to investigate whether binding of the porins to TLR2 could be
captured (257). Firstly, TLR2 domains were incubated with immobilised PorB in an ELISA-
like assay, illustrating dose dependent binding of the complexes to TLR2. Subsequent observed
shifts in fluorescence following incubation of fluorescently tagged PorB with TLR2 expressing
cells provided additional validation. Further assays portrayed PorB specificity to TLR2/1 and
competition with other TLR2 ligands for binding sites (257).

As pilus proteins appear to activate TLR2 and downstream NF«B in a similar fashion to PorB,
there was a high probability that a similar scheme of assays could help uncover physical
interactions between pilus proteins and TLR2. Thus, a series of methods were deployed in this
chapter to capture binding between pilus proteins and TLR2, competition with other TLR2
ligands for binding sites and protein recognition of TLR2 in its heterodimeric form.

4.2.1 Kinetic analysis of binding between TLR2 and Pilus Subunits

Surface plasmon resonance was deployed to measure the binding affinity of BP or AP1 to
immobilized recombinant TLR2, with the biomolecular interaction analysis system (Biacore
T200) utilised to record changes in refraction at the contact surface (258). Poly-histidine tagged
recombinant TLR2 was immobilised onto a nitrilotriacetic acid sensor chip via amide linkages
and an initial concentration series of BP and AP1 (0-15 uM) was passed over the chip in
duplicate, with binding response detected using the Biacore T200 system. As seen in the run
recording AP1 binding (Figure 4.5), despite maximum efforts being put on the optimal
concentration and purity of the analyte proteins applied on the chip, readings between repeats
were very inconsistent and a dissociation constant could not be calculated. This led to

alternative methods of illustrating pilus protein binding being utilised.
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Figure 4.5. Kinetic analysis of AP1 binding to TLR2 using surface plasmon resonance resulted
in inconsistent readings between runs.(A) The equilibrium binding response of a 0-15 uM
concentration series of AP1 binding to TLR2 immobilised onto a nitrilotriacetic acid sensor
chip was recorded on a sensogram using surface plasmon resonance. (B) The data was fitted
into a single site binding model to calculate the dissociation constant. Experiment was
performed in triplicate.

4.2.2 Solid phase binding assay demonstrates interaction between TLR2 and
pilus subunits

In this alternative method, the physical interaction between pilus proteins and TLR2 was

assessed using a solid-phase binding assay. Varying concentrations of recombinant BP or AP1

were added to a 96 well plate coated with recombinant TLR2 at 100 ng/well and binding was

detected using purified antibodies against BP/AP1 in an indirect ELISA format. The AP1

subunit demonstrated dose dependent binding to TLR2, as shown by the 10-fold increase in

absorbance when the concentration of the protein was incremented from 5 to 100 pM. In
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contrast, the absorbance values for BP tested at the same concentration range showed negligible

change, therefore binding could not be discerned (Figure 4.6)

& AP1
4 BP

Abs 450-570 nm

[recombinant protein] pM

Figure 4.6 Subunits of M1 GAS pili interact with immobilised TLR2.Recombinant BP and
AP1 of varying concentrations was incubated with 1 pg/ml of recombinant TLR2 immobilised
on a 96 well plate. Protein binding was detected via ELISA using purified rabbit antibodies
against AP1 and BP. Experiment was performed in duplicates and data shown as mean£S.D.
A representative of three independently performed experiments is shown. Non-linear
regression fitted using one site specific binding model on Graphpad Prism.

4.2.3 Usage of flow cytometry to demonstrate interaction between TLR2
and pilus subunits

Following the assessment of pilus protein binding to TLR2 using ELISA, the interaction
between pilus subunits and the receptor was further evaluated by flow cytometry. This required
the pilus proteins to firstly be labelled with a fluorescent dye for detection on the flow
cytometer. Recombinant BP and AP1 were dialysed against bicarbonate buffer and incubated
with Red Mega 485 NHS dye on a rotator for 1 hour at room temperature, before the samples
were loaded onto a size exclusion chromatography (SEC) column. As the proteins labelled with
the fluorescent dye were substantially greater in size than the dye molecules, the labelled
proteins could be separated from free unbound dye based on their size, using SEC. For both
BP and AP1, two absorbance peaks were observed on the chromatogram and these were
collected as two separate fractions (Figure 4.7A). These peaks were analysed by loading the
fractions onto a 12.5% SDS-PAGE gel, where the smaller peak fraction from BP and AP1 SEC
were loaded into lanes 1 and 3, respectively (Figure 4.7B), and the BP and AP1 SEC fractions
with the larger absorbance peak were loaded into lanes 2 and 4, respectively (Figure 4.7B).

Visualisation of the proteins in each fraction using Coomassie staining indicated that for both
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BP and AP1, the fraction with the larger absorbance peak could be seen on the gel as one clean
band, with the molecular weight matching that of the pilus subunits, at ~30kDa and ~100kDa
for BP and AP1 respectively (Figure 4.7B). The protein gel was also imaged using UV
transillumination to confirm the addition of fluorescent tag to the pilus proteins (Figure 4.7C).
For both BP and AP1, a single fluorescent band could be observed at a molecular weight
corresponding to the protein band seen in the Coomassie stained image, marking the successful
labelling of pilus proteins with the Red Mega dye. Finally, the degree of labelling (DOL),
which illustrates the average number of dye molecules conjugated to each protein, was
calculated to determine whether there was sufficient labelling of proteins. A DOL of around 1
for every 200 amino acids is indicative of adequate labelling and thus it was anticipated that
the DOL of the ~340 amino acid BP and ~677 amino acid AP1 would be around 1.7 and 3.3
respectively. The absorbance of the two protein-fluorophore fractions at 280 nm and at the
maximum wavelength of the Red Mega dye (485 nm) was measured before DOL was
calculated using the equation: DOL=(Amax x €280) / ((A280 - Amax x CF) x emax). This gave the
BP and AP1 DOL values as 1.6 and 3.4 respectively, indicating that the majority of proteins

had been successfully tagged with the fluorophore.
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Figure 4.7. The AP1/BP subunits of M1 GAS pili were labelled with fluorescent Red Mega
485 NHS dye.(A) Following incubation with fluorescent dye, recombinant BP (left) and AP1
(right) were loaded onto size exclusion chromatography (SEC) columns, which resulted in both
solutions eluting as two fractions. (B) The fractions from SEC were analysed by SDS-PAGE
using Coomassie staining (C) and the proteins within these fractions labelled with the
fluorescent tag were imaged using UV transillumination. Blue lines indicate the UV absorbance
during the elution period (mAU) and sections between red lines indicate the points at which
fractions were collected. Fraction numbers correspond to numbered lanes on SDS-PAGE.L;
protein ladder.

Once BP and AP1 were fluorescently labelled, flow cytometry experiments were deployed to
assess the interactions between pilus proteins and TLR2. One nanomole of each of the labelled
proteins were mixed and incubated with 5x10% HEK-Blue hTLR2. The pilus proteins were also
mixed with 5x10° HEK-Blue hTLR4, which has the same outer cell wall composition as the

HEK-Blue hTLRZ2, to determine non-specific binding to components of the cell besides TLR2.
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After performing washing steps to remove unbound proteins, the cells were analysed on a flow
cytometer and the mean fluorescence intensity, which represents the relative amount of cell
bound pilus protein, was calculated to deduce pilus protein-receptor interactions. HEK-Blue
hTLR4 cells incubated with the fluorescent proteins did not have a markedly greater
fluorescence compared to the untreated negative control cells, emphasising the lack of
interaction between BP/AP1 and TLR4, as well as other HEK cell surface components (Figure
4.8A, B). In contrast, HEK-Blue hTLR2 cells incubated with fluorescently labelled AP1 had a
fluorescence signal significantly shifted upwards compared to the untreated negative control
cells, with a 2.5-fold greater mean fluorescence intensity (P<0.001; Figure 4.8A). This
indicated binding between the fluorescent labelled tip pilus subunit and TLR2. On the other
hand, HEK-Blue hTLR2 cells incubated with labelled BP did not display a statistically
significant shift in mean fluorescence intensity compared to the negative control cells (Figure
4.8B). Thus, as consistent with the solid-phase binding assay, notable backbone subunit

binding to TLR2 was not recorded.
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Figure 4.8. Fluorescently labelled M1 GAS pilus proteins physically interact with TLR2. Flow
cytometry was used to analyse the interactions between TLRs expressed on HEK-293 cells and
fluorescently labelled (A) AP1 or (B) BP. Untreated HEK-Blue hTLR2 was used as a negative
control and proteins were also tested against HEK-Blue hTLR4. Fluorescence intensity was
recorded for 30,000 events per group. Mean fluorescence intensity data was standardised
against unstained control cells and is shown as bar graphs with meanzS.D from three
independently performed experiments. Statistical significance was determined using one-way
ANOVA followed by Holm-Sidak multiple comparisons test. ***P< 0.001 compared to
untreated negative control.



4.2.4  Pilus proteins compete with TLR2 antagonist for receptor interactions

With both ELISA and flow cytometry based assays corroborating the binding of AP1 pilus
protein to TLR2, a cell based competition assay was conducted to confirm the specificity of
this interaction, and investigate whether this interaction was triggering stimulation of TLR2
and downstream immune signaling. In this assay THP-1 cells seeded into a 96 well plate were
co-incubated with AP1 or BP alongside increasing concentrations of the TLR2 antagonist
staphylococcal superantigen-like protein 3 (SSL3), derived from Staphylococcal aureus
bacteria. SSL3 binds to the convex face of TLR2 and partially covers the lipopeptide binding
pocket of the receptor, preventing further protein association and receptor stimulation (259).
Therefore in the context of this assay, as the concentration of SSL3 is increased, decreased
interaction between TLR2 and pilus proteins would be expected as the two ligands would
compete for the same binding sites. If the pilus proteins activate TLR2, the competition with
SSL3 for TLR2 binding sites will be reflected in changes to TNF secretion downstream of
TLR2 stimulation. To test this conjecture, following an overnight incubation, the cell
supernatant was collected from treated cells and the levels of TNF were quantified using an
ELISA, with TNF production in the absence of SSL3 used as a baseline to calculate relative
change in cytokine secretion. For both THP-1 cells incubated with BP (Figure 4.9A) and AP1
(Figure 4.9B), as the concentration of co-incubated SSL3 protein increased, the relative TNF
production decreased. This indicates that as SSL3 displaced pilus subunits from TLR2,

stimulation of the receptor decreased, affirming pili mediated TLR2 interaction and activation.
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Figure 4.9. M1 GAS pilus proteins compete with SSL3 for TLR2 binding sites. Increasing
concentrations of TLR2 antagonist SSL3 and BP (A) or AP1 (B) at 1 nM were co-incubated
with THP-1 cells overnight. Cell supernatant was then harvested and secreted TNF
concentration quantified using ELISA. Experiment was performed in duplicate and data shown
as meanzS.D. One representative of three independently performed experiments is shown.
Non-linear regression fitted using three-parameter dose response model on Graphpad Prism.
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4.2.5 Pilus proteins activate the TLR2/6 heterodimer

Endogenous TLR2 requires heterodimersation with either TLR1 or TLR6 in order to become
activated (260). The crystal structure of TLR2 in its heterodimeric form suggests that this
activation requires the involvement of ligand, which stabilises the dimer and facilitates
interactions between the intracellular moieties of each individual receptor to initiate
downstream signaling (261,262). In order to determine whether TLR1 or TLR6 was interacting
with TLR2 in pili mediated TLR2 activation, reporter cell lines co-expressing TLR2 with either
TLR1 or TLR6 in the HEK-Blue cell collection were used. Recombinant BP and AP1 were
incubated overnight with HEK-Blue hTLR2/hTLR6 or HEK-Blue hTLR1/hTLR2 in HEK-
Blue detection substrate before absorbance was read at 655 nm to deduce TLR2 heterodimer
activation. HEK-Blue hTLR2/hTLR6 incubated with either BP or AP1 had significantly greater
absorbance readings compared to untreated cells, indicative of both pilus proteins activating
TLR2 in its TLR2/TLR6 heterodimeric form (Figure 4.10A). On the contrary, a difference
could not be discerned between the absorbance of HEK-Blue hTLR2/hTLR1 cells incubated
with BP or AP1 and untreated cells, signaling a lack of pili mediated TLR2 activation in the
TLR2/TLR1 heterodimeric form (Figure 4.10B).
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Figure 4.10. M1 GAS pilus proteins activate TLR2 when it is dimerised with TLR6 but not
TLR1. (A) HEK-Blue hTLR2/hTLR1 cells or (B) HEK-Blue hTLR2/hTLR1 cells were
incubated overnight with recombinant BP or recombinant AP1 or positive control (1 pg/ml
Pam2CSK4 for TLR2/6 and 1 pg/ml PamsCSKa4 for TLR2/1) or left untreated. Level of TLR2
activation was determined by measuring absorbance of cell supernatant at 655 nm. Experiments
were performed in duplicates and data are shown as mean = S.D. One representative of three
independently performed experiments is shown. Statistical significance was determined by
one-way ANOVA, and P-values were calculated by Holm-Sidék’s multiple comparisons test.
*P <0.05, **P <0.01, ***P <0.001 compared with the negative control.
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Specificity of both BP and AP1 for TLR2/6 was further verified by co-incubating HEK-Blue
hTLR2/6 cells in HEK-Blue detection substrate with BP/AP1 and increasing concentrations of
the TLR2 antagonist SSL3 for 9 hours. After the incubation period, TLR2/6 activation was
measured by recording absorbance at 655 nm, with pilus protein induced TLR2/6 activation in
the absence of SSL3 serving as a baseline for the calculation of relative change in receptor
stimulation. For both HEK-Blue hTLR2/6 cells incubated with BP (Figure 4.11A) and AP1
(Figure 4.11B), relative TLR2/6 activation decreased as the concentration of co-incubated

SSL3 increased, affirming pili mediated TLR2/6 interaction and activation.
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Figure 4.11. M1 GAS pilus proteins compete with SSL3 for TLR2/6 binding sites. Increasing
concentrations of TLR2 antagonist SSL3 and BP (A) or AP1 (B) at 4 nM were co-incubated
with HEK-Blue hTLR2/6 for 9 hours. Level of TLR2 activation was determined by measuring
absorbance of cell supernatant at 655 nm. Experiments were performed in duplicates and data
are shown as mean + S.D of three independently performed experiments.

With the newfound knowledge of both BP and AP1 specifically interacting with TLR2
dimerised with TLR6, a flow cytometry based binding assay similar to the one reported in
Figure 4.8 was performed using HEK-Blue hTLR2/6 cells. Four nanomole each of the BP and
AP1 proteins labelled in Figure 4.7 were mixed and incubated with 5x10° HEK-Blue hTLR2/6.
Proteins were also incubated with 5x10° HEK-Blue hTLR4 to account for any non-specific
binding to the HEK cell aside from TLR2/6. Cells were analysed on a flow cytometer after
undergoing wash steps to remove unbound proteins and mean fluorescence intensity was
recorded as a representation of the relative amount of cell bound pilus protein. In line with the
flow cytometry assay described in Figure 4.8, HEK-Blue hTLR4 cells incubated with the
fluorescent proteins did not have a fluorescence signal distinctly higher than untreated negative

control cells. This indicated a lack of interaction between the pilus subunits and TLR4, as well
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as additional HEK cell surface molecules. In contrast, HEK-Blue hTLR2/6 cells incubated with
fluorescently labelled BP had statistically significantly higher mean fluorescence intensity
compared to untreated HEK-Blue hTLR2/6 cells, with 3.2-fold (P= 0.004) greater mean
fluorescence recorded. This indicated binding between the labelled BP subunits and TLR2/6,
an interaction which was not observed between labelled BP and TLR2. Aligned with
observations from the HEK-Blue hTLR2 flow cytometry assay, fluorescently labelled AP1 was
also depicted binding to TLR2/6, with HEK-Blue hTLR2/6 cells incubated with fluorescently
labelled AP1 demonstrating 5.2-fold (P< 0.001) higher mean fluorescence intensity compared
to untreated HEK-Blue hTLR2/6 cells.
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Figure 4.12. Fluorescently labelled M1 GAS pilus proteins physically interact with TLR2/6.
Flow cytometry was used to analyse the interactions between TLRs expressed on HEK-293
cells and fluorescently labelled (A) AP1 or (B) BP. Untreated HEK-Blue hTLR2/6 was used
as a negative control and proteins were also tested against HEK-Blue hTLR4. Fluorescence
intensity was recorded for 30,000 events per group. Mean fluorescence intensity data was
standardised against unstained control cells and is shown as bar graphs mean+S.D from three
independently performed experiments. Statistical significance was determined using one-way
ANOVA followed by Holm-Siddk multiple comparisons test. *P <0.05, **P < 0.01,
***%P <(.001 compared to untreated negative control.
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4.3 Discussion

Antecedent assays illustrated the ability of pilus proteins to cultivate an inflammatory response
and to activate TLR2. This chapter expanded on the existing knowledge around the pilus
protein subunits and their relationship with TLR2, firstly via different forms of binding assays

to demonstrate physical interactions between the two structures.

The objective was initially attempted by utilising surface plasmon resonance (SPR). This
optical technique depicts interactions between proteins passed over a chip and receptors
immobilised on the chip surface by recording changes in refraction of light directed to the chip
surface following binding events. This allows for measuring ‘real-time’ ligand-receptor
association (‘on-rate’) and dissociation (‘off-rate”) and calculation of the equilibrium
dissociation constant (‘binding constant', kD) (263). However, in this research binding between
the pilus proteins and TLR2 was highly variable between repeats, with fluctuations becoming
more apparent as time progressed (Figure 4.5). Due to the sensitivity of this method, aggregate
accumulation at the sensor surface can have a substantial effect on refraction and in turn, the
binding constants (264). This is exemplified in SPR assays using soluble T-cell receptors,
where there was an extremely limited window for data collection before the apparent
dissociation constant fluctuated due to the tendency of the receptors to aggregate, resulting in
the inability to amass adequate measurements (264,265). SPR experiments studying antibody
binding also demonstrated an increase in signal variability when higher analyte concentrations
were utilised, pertinent to the aggregating properties of the molecules (266). Assays comparing
aggregation of wild type GAS and pilus deletion mutants have established the auto-aggregative
properties of pilus, which appear to coalesce over the course of several hours (37,39). Thus it
is probable that pilus proteins began to aggregate during the prolonged data collection period

(up to 10 hours), resulting in the binding constant shifting as the read through progressed.

A plate based binding assay was employed to bypass the problems faced by SPR attributed to
the aggregative properties of the pilus proteins. This assay utilised significantly lower
concentrations of proteins and short incubation times, reducing the possibility and subsequent
effect of homophilic protein interactions. Binding of the AP1 subunit to TLR2 was captured
by this method of analysis, with increasing concentrations of AP1 incubated with the receptor
resulting in increased absorbance (Figure 4.6). Results from the flow cytometry assays
reiterated these outcomes, with AP1 binding to TLR2 expressed on HEK cells (Figure 4.8).
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The lack of pilus protein adhesion to HEK-Blue hTLR4 further endorsed the specificity of pilus
proteins interaction with TLR2, as this was indicative of the proteins associating with the cells
solely through this receptor and not establishing nonspecific binding to other cell surface
components. Although TLR2 recognises a wide scope of both Gram negative and Gram
positive bacterial products, the majority of reported TLR2 ligands contain lipid moieties and
few proteinaceous ligands have been chronicled (267). The binding assays in this chapter
attempted to addressed this gap in the literature and cement the notion of GAS pilus proteins
interacting with TLR2. Curiously, despite BP exhibiting activation of TLR2 cells expressed on
HEK-Blue hTLR2 in our preliminary investigation (206), the binding assays in this chapter
were unable to capture direct binding of this subunit to TLR2. Notably, protein-receptor
association was not recorded despite the concentration of BP co-incubated with HEK-Blue
hTLR2 in the flow cytometry assay being greater than the concentration of protein previously
used to demonstrate BP mediated TLR2 activation in these cell lines. This seems contradictory
as BP must interact with TLR2 to mediate its activation but this association to the receptor
could not be demonstrated. One possible source for this discrepancy may be BP having low

affinity for monomeric TLR2.

Although TLR dimerisation is often simply regarded as a result of ligand binding, there are
some cases where the dimerisation event is simultaneously vital for formation of a stable
receptor ligand complex. For example, although meningococcal PorB did bind to monomeric
TLR2, binding increased over two-fold and receptor stimulation increased 5-fold when the
porin was incubated with TLR2 in its heterodimeric TLR2/TLR1 form (268). In the case of
TLR3, ligands failed to bind completely upon inhibition of TLR3 dimerisation (269). In this
vein, BP binding to TLR2 may be severely reduced when the receptor is in its monomeric form
and it is possible that robust binding to the receptor can only occur when TLR2 creates a
binding site in conjunction with TLR6 or TLR1. Specific but low affinity interactions are often
missed when undertaking adhesion assays with wash steps, such as the methods described in
this chapter, due to dissociation of the ligand during these intermediate processes (270,271).
This phenomenon may have occurred when BP was incubated with TLR2 in the solid-phase
binding assay, which utilised recombinant TLR2 consisting solely of monomeric forms of the
receptor. The multiple wash steps within the assay may have directed BP dissociation from
TLR2, resulting in the weak interaction to the monomeric receptor eluding detection. The flow
cytometry binding assay used HEK-Blue hTLR2, which express low levels of TLR1 and TLR6,
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allowing for some extent of dimerisation events to occur. However, these receptors are heavily
outnumbered by the abundance of overexpressed TLR2. While BP may have been able to
tightly interact with the small number of TLR2 dimerised to the low expression endogenous
TLRs on the HEK-Blue hTLR2 cells, the majority of BP-receptor interactions would have
occurred between the pilus subunit and the overexpressed monomeric TLR2 molecules. Thus
wash steps prior to the fluorescent measurements is likely to have removed the bulk of BP
subunits interacting with TLR2, resulting in a cellular fluorescent signal not significantly
different to untreated cells. On the other hand, as AP1 binding to TLR2 was recorded in these
wash-type adhesion assays, it is likely that the subunit has less dependence on receptor
dimerisation for stabilised binding. It should also be noted that unlike the binding assays
performed using flow cytometry described herein, the TLR2 activation assay using the HEK-
Blue hTLR2 cells in our previous work did not include any wash steps, with no manipulations
performed to the protein/cell suspension during the 9 hour incubation period (206). On top of
the small amounts of TLR2 heterodimers formed as a result of the low levels of endogenous
TLR6 and TLR1 expression, this likely resulted in enough sustained BP-TLR2 interactions
over the extended incubation period, despite potentially weaker binding to the monomeric
receptor, to allow downstream TLR2 activity to be recorded. Despite the difficulty in directly
observing BP binding to TLR2, the competition assay using SSL3 provided indirect evidence

to substantiate this event occurring.

TLR2 heterodimersation with TLR1 or TLR® is critical for initiation of the signaling cascade
which induces an inflammatory response (260). The dimerisation event brings the associated
intracellular domains of the two receptors in close enough proximity to consolidate a signaling
scaffold, which facilitates recruitment of adaptor proteins, such as MyD88. These proteins in
turn mediate downstream activation of transcription factors, which upregulate inflammatory
mechanisms such as the production of pro-inflammatory cytokines (272,273). Thus in order
for a ligand to induce TLR2 mediated immune responses, it must possess the ability to associate
with both TLR2 and either TLR1 or TLR6. This results in ligands with specificity for TLR2
but not TLR1 or TLR6, such as SSL3, inhibiting inflammatory responses by occupying
available binding sites and preventing TLR2 dimerisation (259,274). The cell based
competition assay illustrated monocytic THP-1 cells, which express TLR2 and its dimer
partners, co-incubated with SSL3 and either BP or AP1 exhibiting decreased cytokine secretion

as the concentration of SSL3 was increased. This exemplified the pilus proteins competing
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with SSL3 for TLR2 binding sites, as well as confirming that the subunits were inducing
cytokine release downstream of TLR2, instead of simply binding to the receptor (Figure 4.9).
This consolidated the pilus proteins as TLR2 agonists. On these THP-1 cells, where TLR2s
were able to heterodimerise and there were no washing processes propelling dissociation of
weaker affinity interactions, the amount of SSL3 required to displace either BP or AP1 from

the receptor was at comparable concentrations.

Although several other bacterial pili/fimbriae have been touted as TLR2 agonists, the GAS
pilus appears to be one of the few pili with protein monomers which can individually act as
agonists for this receptor. While whole Lactobacillus rhamnosus pili stimulated TLR2, it was
found that recombinant proteins of the pilus subunits failed to demonstrate measurable activity,
leading to speculation that polymerisation of pilus subunits was required to form the topology
and protein folds that could be recognised by the receptor (275). In the instance of
Streptococcus pneumoniae pili, one ancillary protein was pinpointed as the subunit responsible
for TLR2 stimulation but it was found that potent receptor activation required presentation in
an oligomerised macromolecular form (210). Conversely, as seen illustrated in our previous
publication and this chapter, both recombinant, monomeric BP and AP1 appear to be TLR2
agonists, indicating that the pilus proteins can induce inflammation on their own without
assembly (206).

Incubation of BP and AP1 with HEK-Blue hTLR2/6 resulted in the upregulated release of the
reporter protein downstream of TLR2/6 activation, whereas reporter protein downstream of
TLR2/1 stimulation was not secreted when pilus proteins were incubated with HEK-Blue
hTLR2/1 (Figure 4.10). This signified that both pilus proteins were associating with TLR2 in
its TLR2/6 heterodimer form. Furthermore, a competition assay utilising the HEK-Blue
hTLR2/6 cell line, where AP1 or BP was co-incubated with SSL3, indicated decreased TLR2/6
activation as the concentration of SSL3 was increased (Figure 4.11). This again demonstrated
competition between the pilus proteins and a TLR2 antagonist for the TLR2 binding interface
and further verified the pilus subunits binding to and activating TLR2 heterodimerised with
TLR6. TLR2 recognises a wide variety of microbial cell surface constituents and is regarded
as one of the most promiscuous TLRs. Whilst other TLRs are functionally active in a single
homodimeric form, the ability of TLR2 to form two different heterodimers accounts for this

broad spectrum of ligands (276). As indicated by crystallography, the binding pocket of TLR2
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is lined with hydrophobic residues ideal for accommodating lipids and this lipid binding pocket
is extended by TLR1, allowing for ligand binding mainly driven by hydrophobic chains (261).
On the other hand, crystallography indicated that TLR6 has a binding pocket approximately
half the size of TLR1, and thus ligand binding to the TLR2/TLR6 dimer is additionally heavily
dependent on bridging hydrogen bonds between ligands TLRs (262). As documented through
crystallization modelling, lipid moieties play a major role in agonist driven TLR2
heterodimersation and previously identified TLR2 agonists have exceedingly been lipids or
proteins with post-translation lipid modifications (262,267). In fact, some bacterial proteins
added to the list of TLR2 ligands have been redacted upon further investigation revealing that
removal of lipid contaminants resulted in TLR2 no longer recognising the structure (277). Thus,
there was considerable possibility of intrinsic lipidation attributing to the ability of GAS pilus
subunits to interact with TLR2. However, online bioinformatics analysis using GPS-Lipid (28)
suggests that the mature form of BP used in this chapter did not have a lipidation site and
lipidation was not reported following resolution of the crystal structure of the subunit and mass
spectrometry (67,278). Bioinformatics analysis indicated that AP1 had a small chance of
palmitoylation at just one cysteine residue site. There is a chance that AP1 lipidation at this
cysteine enhances binding to TLR2, whereas non-palmitoylated BP has less stringent
association and may therefore be relying on hydrogen bonds with TLR6 to securely dock into
the TLR2 heterodimer. However, this is merely speculative as the association of each protein
to the receptor components is yet to be modelled. Moreover, this post-translation lipidation of
AP1 appears to be reversible and in the case of the recombinant protein utilised throughout this
chapter, it has not been confirmed if E. coli is able to actuate this modification in the same
manner as GAS (278). Overall it appears highly probable that both pilus proteins directly bind
to TLR2.

Upon confirmation of the pilus subunits signaling through TLR2 specifically when dimerised
with TLR6, the flow cytometry binding assay using fluorescently labeled pilus subunits was
repeated with HEK-Blue hTLR2/6 cells. Both pilus subunits were captured binding to the
TLR2/6 heterodimers on the HEK cell surface, directly illustrating BP/AP1 binding to TLR2/6
(Figure 4.12). This provided more concrete evidence of TLR2 recognition of BP, which the
solid-phase and previous flow cytometry based binding assays failed to capture. While BP
association with TLR2 was not depicted by flow cytometry when HEK-Blue hTLR2 cells were
utilised, applying the same methodology to HEK-Blue hTLR2/6 cells successfully captured
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this interaction. This reconsolidated the theory explored extensively above that TLR2
heterodimersation was required for BP to robustly bind to the receptor. Identification of the
exact binding mechanism of pilus proteins to TLR2/6 could be conducted in the future via co-
crystallisation analysis to further clarify the physical association between BP and TLR2/6.
There are only a small number of non-lipidated microbial compounds that have been identified
to directly bind to TLR2 and these include SSL3, the meningococcal porin PorB and fungal
chitin (259,279,280). All of the non-lipidated microbial peptides so far characterised have
either been TLR2 antagonists with the ability to block receptor dimerisation, or have had
specificity for TLR2/1. Therefore, the GAS pilus proteins are unique in that they are one of the

first non-lipidated microbial proteins to directly associate with the TLR2/6 heterodimer.

The ramifications of the pilus proteins being TLR2 agonists extend beyond the immediate
innate immune response generated, as the activated receptors can act as a bridging mechanism
to promote humoral adaptive immune responses (256,281). TLR2 activation can upregulate a
myriad of immune functions which collectively enhance antibody responses towards a target
antigen. Firstly, TLR2 stimulation has been associated with early recruitment of dendritic cells
with the capacity to present antigens to adaptive immune cells, ensuing higher antibody levels
downstream (282). Moreover, activated TLR2 appears to recruit an enzyme that inhibits the
formation of podosomes, which are adhesive structures utilised by dendritic cells for migration.
The subsequent transient loss of migratory capacity allows for extended periods of contact
between dendritic cells and antigens at inflammatory sites (283). Signaling downstream of
TLR2 has been observed to facilitate T cell differentiation into effector T cells with the ability
to upregulate antibody production. For instance, TLR2 agonists can upregulate the release of
IL-13 and IL-5, and the expression of the co-stimulator ICOS, which facilitate Th2 and Tfh
differentiation respectively (144,284-286). Moreover, activation of TLR2 expressed on B cells
themselves have also been found to direct differentiation of these cells into antibody secreting
plasma cells (287). As pilus proteins activate TLR2, they are likely to possess the ability to
enhance antibody production through such processes and may be developed into effective
vaccine adjuvants. The following chapters thus focus on investigating the adjuvant activity of
GAS pilus proteins.
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Chapter 5: Generation and validation of pilus protein fusion

peptides
The preceding chapters establishing the GAS pilus proteins as immunostimulatory complexes
with low risk of inducing detrimental inflammation suggested the possible suitability of the
pilus proteins as vaccine adjuvants. Several bacterial TLR ligands have been explored for their
adjuvant activity based on their ability to potentiate immune responses. The innate immune
cell response augmented by these ligands include trafficking of cells, heightened antigen
processing and presentation, up-regulation of adaptive immune cell co-stimulation receptors
and the release of cytokines modulating adaptive immune cell maturation (288-290). These
process in turn enhance adaptive immune cell activity and combined with the direct interaction
of ligands and TLRs on B cells, amplifies B cell antibody production (288). For this reason,
bacterial TLR ligands can be used as a tool to heighten the response to poorly immunogenic
vaccines, which have become more commonplace with the rise of protein subunits replacing
whole attenuated pathogens in vaccine formulations (289). As illuminated in the last chapter,
GAS pilus proteins’ specificity for TLR2 makes it a particularly promising potential adjuvant
for vaccines which are designed to elicit production of protective antibodies. This is due to
TLR2 activation having the ability to skew the immune response towards the generation of
antibodies (267,288,291). This would be of particular use for vaccinations against infectious
pathogens. It was thus determined that the adjuvanting capability of GAS pilus proteins would

be explored, via examination of the proteins’ effects on antibody response to a target antigen.

The influenza A matrix 2 protein (M2) was selected as the target antigen for testing the
adjuvanting proficiency of the pilus proteins. M2 is a viroporin which is also incorporated into
budding virions (292). Of particular interest is the 24-amino acid extracellular N-terminal
domain with the sequence MSLLTEVETPIRNEWGCRCNDSSD, referred to as M2e (293).
Cells infected with influenza A virus express copious amounts of M2, with M2e protruding
from the cell surface (294,295). Studies in mice have shown that M2e elicits the production of
protective antibodies, which work effectively against both homologous and heterologous
strains of influenza A virus (296). The M2e antigen has garnered particular interest as a
universal influenza A virus vaccine candidate due to the high levels of conservation observed
across all influenza A strains and the lack of selection pressure, resulting in low antigenic shift

(297). In contrast, hemagglutinin (HA), the current standard antigen for influenza vaccines, is
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highly strain specific and prone to antigenic drift, resulting in the need for constant vaccine
reformulation over time (298). However, M2e has not yet been successfully adopted into
commercialised, circulating vaccine formulations due to its weak immunogenicity. This is
likely due to its small size, low copy numbers in virions and the probable shielding of the
antigen from immune cells by the larger influenza A surface proteins (299). Accordingly, M2e
based vaccine formulations would greatly benefit from the addition of an adjuvant to encourage
robust antibody production. This chapter covers the generation and validation of M2e-pilus
protein formulations produced in preparation for the immunisation studies inspecting the

adjuvanticity of pilus proteins.

5.1 Expression and purification of pilus protein-antigen fusion proteins

TLR ligands can be incorporated into vaccine formulations as adjuvants in two ways. The most
straightforward method is to mix the proteins with antigen. Alternatively, they can be
conjugated to the target antigen to create an adjuvant-antigen complex, where each individual
immune stimulant is co-delivered with an antigen (300). The TLR ligand-antigen fusion
proteins appear to induce better immune responses than their non-conjugated counterpart
formulations, leveraging their use in vaccines. For instance, TLR ligand-adjuvant fusion
proteins appear to enhance uptake and presentation of antigens by APCs, with studies
indicating up to a 100-fold increase in uptake by DCs when the antigen was fused to the
adjuvant as opposed to being delivered as an un-conjugated mixture (301,302). In addition,
dendritic cell maturation and activation appears to be more pronounced when TLR4 agonist
heat shock proteins are delivered to cells conjugated to the antigen, corroborated by higher
levels of cytokine secretion and activation marker expression (303). Further downstream,
protein antigens fused to the TLR5 agonist flagellin have been reported to demonstrate superior
ability to induce T cell proliferation and T cell clustering compared to equimolar mixtures of
separated flagellin and antigen (304). Resultantly, a wide range of adjuvant-antigen complexes
have been observed to elicit higher levels of protective antibody production compared to their

non-conjugated counterpart mixtures (302,305,306).

Although not yet entirely understood, the augmentation of immune response achieved by
conjugation of protein adjuvants to antigens is thought to largely be a result of this system
allowing simultaneous co-delivery of the vaccine components to immune cells at a fixed molar

ratio (300). TLR ligand-antigen fusion proteins have been found to bind to TLRs specifically
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recognising the adjuvant portion of the peptide, thereby efficiently targeting the antigen to
relevant TLR expressing immune cells such as APCs. Examples of this include flagellin-
antigen conjugates targeting TLR5 on DCs and monophosphoryl lipid A targeting myeloid DC
TLRA4. This co-delivery additionally cultivates a state of synergy where the adjuvant section of
the fusion protein amplifies immune cell activation to encourage uptake of the antigen, which
in turn primes the cell to upregulate TLRs, increasing interactions with the adjuvant portion of
the fusion proteins (300,307). This is in contrast to a mixture of separate adjuvant and antigen
molecules, where antigens do not receive adjuvant directed delivery to relevant immune cells
and are thus more likely to elicit off-target effects. Furthermore, the two components are likely
to be taken up independently by different cells resulting in varied ratios of molecules delivered

and cell to cell fluctuations in the immune responses generated (302).

An assortment of different molecules have been identified to be potential TLR ligand adjuvants,
including proteins, lipoproteins, lipopeptides, oligosaccharides and oligonucleotides (308,309).
In the context of producing TLR ligand-antigen conjugated formulations, ligands of protein
nature have the benefit of having a more straightforward conjugation process compared to the
other types of molecules. Proteins can be conjugated to the antigen by molecular cloning at the
DNA level to mass produce both components simultaneously as a single complex (310). On
the other hand, the other type of molecules require individual preparation and chemical

conjugation, a process which can be very expensive and time consuming (311,312).

In accordance to this information, it was concluded that the adjuvanting capacity of the TLR2
specific GAS pilus proteins could be maximized by conjugating the proteins to the M2e antigen.
Thus pilus protein-M2e fusion proteins were synthesised to test the potential of GAS pili as an
adjuvant. This required the construction of expression plasmids containing pilus protein-M2e
fusion genes, which could then be transformed into E. coli BL21 (DE3) for high level
recombinant protein expression. The initial design consisted of producing fusion genes for
expression of conjugate proteins consisting of M2e fused to either the N or C terminus of BP
(M2e-BP and BP-M2¢) or AP1 (M2e-AP1 and AP1-MZ2e).

5.1.1 Expression and purification of GST-M2e-BP and GST-BP-M2e

The BP subunit is encoded by the spy0128 gene. Thus primers (sequences provided in Table
2.2) specific to the 5’ and 3’ ends of the spy0128 gene were designed to amplify the BP-
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encoding sequence without the N-terminal signal peptide and the C-terminal cell wall anchor
motif from the genomic DNA of GAS M1 SF370 strain. Two versions of this DNA fragment
were produced, one with flanking EcoRI restriction sites and one flanked by BamHI restriction
sites. The amplified gene sequences were subsequently inserted into the pGEX-3C vector
containing the m2e sequence and an ampicillin resistance gene, as per Figure 5.1A. The pGEX-
3C-M2e plasmid was generated previously by Dr Catherine Tsai (UoA) by inserting the m2e
sequence between the BamHI and EcoRI sites within the MCS. Thus spy0128-m2e was created
by BamHI restriction digestion of the plasmid, which allowed the spy0128 sequence flanked
with BamHI restriction sites to be inserted preceding the m2e sequence. Conversely, m2e-
spy0128 was generated by EcoRI digestion of the plasmid, which allowed spy0128 flanked
with EcoRI restriction sites to be inserted downstream of the m2e sequence (Figure 5.1A).
Insertion of spy0128 into the pGEX-3c vector in the correct orientation was confirmed by
performing PCR using m2e and spy0128 primers as detailed in Table 2.2, with successful
cloning of both the ~850bp spy0128-m2e (Figure 5.1B) and ~850bp m2e-spy0128 (Figure
5.1C) confirmed following visualisation on agarose gels. The resulting plasmids containing the
fusion gene were transformed into E. coli BL21 (DE3) cells harbouring a chloramphenicol
resistance gene and successful transformations were selected on LB plates containing both

ampicillin and chloramphenicol.
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Figure 5.1. Cloning strategy for generating BP and M2e fusion protein gene constructs.(A)
Schematic diagram of the spy0128 gene being amplified from GAS genomic DNA and being
inserted into pGEX-3C vector containing the DNA encoding the M2e peptide. (B) Successful
cloning of spy0128-m2e confirmed by performing diagnostic PCR using appropriate primers
and the results were visualised on 1% agarose gel. (C) Successful cloning of m2e-spy0128
confirmed using appropriate primers and visualised on agarose gel. L, 1 kb plus DNA ladder

The BL21 (DE3) E. coli pGEX-3C spy0128-m2e and BL21 (DE3) E.coli pGEX-3C m2e-
spy0128 expression systems produced GST-BP-M2e and GST-M2e-BP fusion proteins

respectively, with both proteins harbouring an N-terminal glutathione-S-transferase (GST) tag.
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This GST tag at the N terminus helped maintain correct folding of the proteins and allowed for
straightforward affinity purification of the fusion peptides by capitalising on the high affinity
of GST to the reduced form of glutathione. As detailed in 2.2.3.6, sonicated bacterial lysate
from BL21 (DE3) E. coli expressing GST-BP-M2e or GST-M2e-BP was loaded onto the
glutathione column and subsequently subjected to elution with reduced glutathione in order to
release proteins bound to the column via the GST moiety. Both the eluate containing GST-BP-
M2e and GST-M2e-BP were collected as 2-ml fractions and visualised using SDS-PAGE
(Figure 5.2A and B). Both gels illustrated the presence of protein bands in each fraction about
~50 kDa to ~60 kDa, indicating successful purification of the soluble fusion proteins consisting
of ~26 kDa N-terminal GST tag followed by the ~30 kDa BP and M2e conjugated peptide
(Figure 5.2A and B). Fractions containing the recombinant proteins, which were obtained with
>95% purity, were pooled together and dialysed against PBS overnight before storage at -20 °C

for use in future assays.
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Figure 5.2. Purification of BP and M2e fusion proteins using glutathione affinity
chromatography.(A) The soluble fraction of bacterial lysate from E. coli BL21 (DE3) pGEX-
3C spy0128-m2e was passed through the glutathione column and the ~50 kDa GST-BP-M2e
fusion peptide was collected in 2-ml fractions after elution with reduced glutathione. (B) The
process was repeated using soluble fraction of bacterial lysate from E. coli BL21 (DE3) pGEX-
3C m2e-spy0128 to purify the ~50 kDa GST-M2e-BP fusion peptide. L; protein ladder.

5.1.2 Expression and purification of His-AP1(LPXTG)-M2e and His-AP1-
M2e

The AP1 pilus subunit is encoded by the spy0125 gene. Thus generation of the fusion protein
of M2e and APl with the LPXTG motif was initiated with the amplification of the
AP1(LPXTG) encoding sequence from pBC vector containing the full-length spy0125
sequence. The primer pair listed in Table 2.2 was employed to generate spy0125(lpxtg) with
BamHI and Xhol restriction enzyme sites at the 5’ and 3” ends, respectively, and this DNA was
inserted into the pPROEX-Htb vector (containing an ampicillin resistance gene) as illustrated

in
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Figure 5.3A. This was followed by insertion of the m2e sequence, which was synthesized using
the primer pair indicated in Table 2.2 (

Figure 5.3A). In order to ensure all components of the resulting spy0125(Ipxtg)-m2e fusion
gene were inserted into the pPROEX-Htb vector in the correct orientation, a PCR was
performed using an internal spy0125 forward primer and the M2e.rev primer, which read from
the end of the m2e sequence, as detailed in Table 2.2. Visualisation of the PCR fragments on
agarose gel indicated the desired ~500 bp read through of the spy0125(lpxtg)-m2e sequence,

verifying successful cloning (
Figure 5.3B).

This process was repeated to additionally generate the gene sequence for a fusion protein of
M2e and mature AP1 without the LPXTG motif. Using the pBC spy0125 vector as a template
once more, primers listed in Table 2.2 were deployed to produce the spy0125 gene, without the
sequence encoding the LPXTG motif, sandwiched between BamHI and Sall restriction enzyme

sites at the 5” and 3’ ends respectively (

Figure 5.3C). This DNA fragment was subsequently inserted into the pPROEX-Htb vector,
followed by synthesis and insertion of the m2e sequence to produce the spy0125-m2e fusion

gene (

Figure 5.3C). Insertion of all gene sequences into pPROEX-Htb in the appropriate orientation
was verified via PCR with the internal spy0125 and m2e.rev primers used previously on
spy0125(lpxtg)m2e. This resulted in the desired ~500 bp PCR product, as depicted on agarose

gel, which confirmed successful cloning (

Figure 5.3D). The ensuing plasmids containing the fusion genes were subsequently
transformed into E. coli BL21 (DE3) cells containing a chloramphenicol resistance gene and

plated on LB plates with ampicillin and chloramphenicol to select successful transformations.
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Figure 5.3. Schematic diagram of cloning strategy for generating AP1 and M2e fusion protein
gene constructs.(A) The spy0125(Ipxtg) gene was amplified from pBC spy0125 and inserted
into pPPROEX-Htb vector, followed by synthesis and insertion of the m2e gene into this plasmid.
(B) Successful cloning of spy0125(Ipxtg)-m2e was confirmed by performing diagnostic PCR
using appropriate primers and the results were visualised on 1% agarose gel. (C) Schematic
diagram of cloning strategy for generating AP1 and M2e fusion protein gene constructs. The
spy0125 gene was amplified from pBC spy0125 and inserted into pPROEX-Htb vector,
followed by synthesis and insertion of the DNA encoding the m2e peptide into this plasmid.
(D) Successful cloning of spy0125-m2e confirmed using appropriate primers and visualised on
agarose gel. L, 1 kb plus DNA ladder.

The E.coli BL21(DE3) pPROEX-Htb spy0125(Ipxtg)-m2e and E.coli BL21(DE3) pPROEX-
Htb spy0125-m2e expression systems produced His-AP1(LPXTG)-M2e and His-AP1-M2e
fusion proteins respectively, with both proteins possessing a N-terminal 6xhisitidine tags
(denoted as His). This allowed for immobilised metal-chelate affinity chromatography (IMAC)
purification of the complex via the tags’ affinity to immobilised nickel ions. As described in
2.2.3.4, sonicated bacterial lysate from BL21 (DE3) E.coli expressing His-AP1(LPXTG)-M2e
or His-AP1-M2e was loaded onto the nickel column. This was followed by applying an
increasing concentrations of imidazole (10-100 mM) to release the polyhistidine tagged
proteins from the nickel beads in fractions and visualisation of these eluted fraction on SDS-
PAGE. The gel depicting elution fractions of His-AP1(LPXTG)-M2e (Figure 5.4A) illustrated
a protein band at the predicted size of the fusion protein (~120 kDa) eluted by 100 mM
imidazole. This elution fraction did not contain any other marked protein bands, with >95%
purity His-AP1(LPXTG)-M2e. This fraction was thus concentrated and dialysed against PBS

overnight and stored at -20 °C, ready for future assays.

The SDS-PAGE gel visualising purified fractions of AP1-M2e (Figure 5.4B) depicted proteins
at the predicted size of the fusion protein (~120 kDa) being eluted by 20-100 mM imidazole.
This confirmed the presence of His-AP1-M2e fusion protein across multiple elution fractions.
However, these fractions appeared to be contaminated with either degraded fusion protein or
native E. coli proteins, with a particularly distinct band at ~30 kDa evident on the SDS-PAGE
(Figure 5.4B). Thus these fractions were concentrated, dialysed against PBS and run through
size-exclusion chromatography (SEC) to separate the ~120 kDa AP1-M2e from the lower
molecular weight protein contaminants. His-AP1-M2e was eluted with phosphate SEC buffer,
with fractions collected at the UV peaks detected by the chromatogram. Visualisation of the

protein contents in these fractions on SDS-PAGE marked the elution of the ~120 kDa His-
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AP1-M2e occurring predominantly in the first major absorbance peak collected over two
fractions (Figure 5.4C, fractions 1, 2). These fractions had relatively high concentrations of
His-AP1-M2e and relatively low amounts of other contaminating proteins (~90% purity). The
second, less striking absorbance peak collected over the next three fractions (Figure 5.4C,
fractions 3, 4, 5) appeared to consist mainly of the lower weight contaminant. Thus the first
two fractions were pooled together, concentrated and dialysed against PBS overnight and

stored at -20 °C for usage in subsequent assays.
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Figure 5.4.Purification of AP11 and M2e fusion proteins using nickel affinity chromatography.
(A) The soluble fraction of bacterial lysate from E. coli BL21(DE3) pPROEX-Htb
spy0125(lpxtg)-m2e was passed through the nickel column and the ~120 kDa His-
AP1(LPXTG)-M2e protein was collected after elution with increasing concentrations of
imidazole and visualised on 12.5% SDS-PAGE (B) Purification of His-AP1-M2e using nickel
affinity chromatography. The process was repeated using soluble fraction of bacterial lysate
from E. coli BL21 (DE3) pPROEX-Htb spy0125-m2e (C) Further purification of His-AP1-M2e
using using size exclusion chromatography. Fractions from (B) containing His-AP1-M2e were
pooled and purified further with size-exclusion chromatography. Fractions collected during the
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elution process (fractions 1-5) were analysed with 12.5% SDS-PAGE. Blue line indicates the
UV absorbance during the elution period (mAU), with peaks indicating eluted protein. Sections
between red lines indicate the points at which fractions were collected. Fraction numbers
correspond to numbered lanes on SDS-PAGE. L; protein ladder.

5.2 Validation of pilus protein-M2e fusion proteins

Before they could be used in their final application of studying the adjuvanticity of pilus
proteins, the purified pilus protein-M2e complexes required validity testing. The accurate
interpretation of pilus immunomodulation experiments using these fusion proteins hinges on
the assumption that the recombinant proteins generated contain the protein of interest, are pure

and homogenous, and are correctly folded into a functionally active state (313,314).

In the section above, SDS-PAGE gels indicated the presence of protein bands matching the
predicted sizes of the fusion complexes and this was used to infer the successful production of
the fusion proteins. However, it should be noted that due to its small size, the presence of the
M2e peptide cannot be readily confirmed on the SDS-PAGE protein gel by Coomassie staining.
Therefore, further testing was required to provide more definite confirmation that the purified
proteins incorporated both the M2e peptide and pilus proteins. Thus additional assessments
were conducted on the fusion proteins to confirm the integrity of the fusion protein samples

generated.

5.2.1 Western blot of fusion proteins

The four fusion proteins purified in the section above were tested on a western blot using
antibodies specific for M2e and the pilus proteins to verify their presence. Polyclonal
antibodies against individual pilus protein were generated previously by Dr Jacelyn Loh (UoA)
by immunising a rabbit with recombinant proteins. On the other hand, the protective murine
monoclonal 14C2 antibody recognising the N-terminus of M2 was commercially sourced from
Abcam to detect the presence of M2e (315). In order to concurrently examine stability of the
proteins, an aliquot of each fusion protein was subjected to a 24-hour incubation period at room
temperature and also included in these blots. Immunoblotting of GST-BP-M2e and GST-M2e-
BP confirmed the presence of both BP and M2e in the fusion proteins, with detection of a single
band at the predicted protein size of ~60 kDa following probing with BP and M2e antibodies
(Figure 5.5A). Furthermore, the fusion proteins appeared to undergo very little degradation

following a 24-hour period at room temperature, with no noticeable additional bands appearing
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in the incubated sample. Additionally, immunoblotting of His-AP1-M2e and His-
AP1(LPXTG)-M2e confirmed the presence of both AP1 and M2e in these fusion proteins, with
the detection of bands at the predicted protein size of ~120 kDa subsequent to probing with
M2e and AP1 antibodies (Figure 5.5B). However, for both fresh His-AP1(LPXTG)-M2e
samples and aliquots incubated for 24 hours, immunoblotting revealed the existence of
additional secondary bands, most noticeable at about ~40 kDa in the blot probed with AP1
antibodies. Interestingly, these bands were not detected with the M2e antibody. Thus His-
AP1(LPXTG)-M2e appeared to experience significant levels of degradation during the

incubation period.
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Figure 5.5 Western blot of pilus protein-M2e fusion proteins detect presence of both pilin
subunits and M2e (A) BP and M2e fusion proteins taken immediately from stock (0 hr) or
incubated at room temperature for 24 hours (24 hr) were analysed on a western blot by probing
with aBP and aM2e. (B) AP1 and M2e fusion proteins taken immediately from stock (0 hr) or
incubated at room temperature for 24 hours (24 hr) were analysed on a western blot by probing
with aAP1 and aM2e. L; protein ladder
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5.2.2 Sandwich ELISA of fusion proteins

Western blots of the fusion proteins confirmed the successful expression of pilus protein and
M2e fusion peptides. A sandwich ELISA was subsequently performed to gain further
confirmation of protein integrity, as well as affirm correct presentation of the M2e antigen and
the co-existence of M2e and pilus proteins on one molecule. The ELISA was accomplished by
adding varying concentrations of the fusion proteins to a 96 well plate coated with 1 pg/ml of
capture antibodies against recombinant BP or AP1. Detection was then executed using the
14C2 antibody against M2e which in turn was bound to a horseradish peroxidase (HRP) linked
secondary antibody. Both the ELISAs examining GST-BP-M2e (Figure 5.6 A) and GST-M2e-
BP (Figure 5.6 B) illustrated a dose dependent relationship where increased concentration of
fusion proteins added to the assay wells correlated to increased absorbance. This is indicative
of both the BP antibodies recognising the fusion protein, allowing the complex to be captured
on the assay plate, as well as the M2e mAb (monoclonal antibody) interacting with the fusion
protein, resulting in its detection. Similarly, the ELISA for His-AP1-M2e (Figure 5.6 C) also
exhibited this dose dependent relationship, indicating the ability of the fusion protein to interact
to antibodies targeting both its structural components. In contrast, increasing the concentration
of His-AP1(LPXTG)-M2e added to assay wells did not correspond to increased absorbance,
suggesting that the AP1 and M2e antibodies failed to recognise this fusion protein (Figure 5.6
D). These ELISAs confirmed the structural integrity of GST-BP-M2e, GST-M2e-BP and His-
AP1-M2e, with the ability to interact with pilus and M2e antibodies signifying simultaneous
presentation of pilus proteins and M2e on the same molecule. On the other hand, the assay
failed to detect His-AP1(LPXTG)-M2e, reiterating the instability of this protein illustrated in
the western blot. Therefore, the following assays were only carried out with GST-BP-M2e,
GST-M2e-BP, and His-AP1-M2e.

123



1.5 2.0
gpent

1.0 o* = dets3?t

2 } o s
n
% % 1.0+ $
2 81 .
< 0.5 . = .
[ 0.5 *
0.0 L] 1 1 T 1 0.0 1 1 1 I 1
1x100 1x101 1x102 1x103 1x104 1x105 1x109 1x10" 1x102 1x10% 1x10* 1x105
log[ng/ml]
C D

0.8 0.40

0.6 " i g 0.354
3 x g it 1L
w 0.4-  0.30 el ®
o ® 2
< ~ <

0.2- o® 0.25- % ¢ } {

0.0 1 1 1 1 1 0.20 1 1 1 1 1

1%x10° 1%x10" 1%x102 1%x10% 1x104 1x105 1%10° 1x10' 1x102 1x103 1x10¢ 1x105
log[ng/ml] log[ng/ml]

Figure 5.6. Pilus protein-M2e fusion proteins interact with antibodies against both pilin
subunits and M2e in a sandwich ELISA. Varying concentrations of recombinant GST-BP-M2e
(A) and GST-M2e-BP (B) were incubated with 1 pg/ml of purified BP rabbit antibodies
immobilised on a 96 well plate, whilst varying concentrations of (C) His-AP1-Mz2e and (D)
His-AP1(LPXTG)-M2e were incubated with 1 pg/ml of purified AP1 rabbit antibodies
immobilised on a 96 well plate. Captured protein was detected using M2e mice primary
antibody and HRP conjugated secondary antibody. Experiment was performed in duplicate and
data of three repeats shown as meanzS.D.

5.2.3 Biological activity of fusion proteins

Next, the ability of the pilus protein to still activate TLR2 after being fused to the M2e peptide
was assessed using the HEK- Blue hTLR2 receptor cell line, where TLR2 activation can be
quantified by the downstream secretion of SEAP (secreted embryonic alkaline phosphatase)
which drives a quantifiable colorimetric change to the cell suspension (206). The three fusion
proteins established to have structural integrity in the assay above (GST-BP-M2e, GST-M2e-
BP and His-AP1-M2e) were incubated for 9 hours with HEK-Blue hTLR2 in a media
suspension containing HEK-Blue detection substrate before absorbance at 655 nm was read to

evaluate TLR2 activation. All three fusion proteins caused significantly greater absorbance
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readings compared to untreated cells, asserting that the pilus subunits was still able to mediate
TLR2 activation when fused to M2e (Figure 5.7).

Abs 655

Figure 5.7. Pilus protein-M2e fusion proteins stimulate TLR2.HEK-Blue hTLR2 cells were
incubated for 9 hours with recombinant GST-BP-M2e, GST-M2e-BP, His-AP1-M2e or
positive control (1 pg/ml Pam2CSKa4) or left untreated. Level of TLR2 activation was
determined by measuring absorbance of cell supernatant at 655 nm. Experiments were
performed in duplicates and data from three repeats is shown as meantS.D. Statistical
significance was determined by one-way ANOVA, and P-values were calculated by Holm—
Sidak’s multiple comparisons test. *P < 0.05, ***P <0.001 compared with the negative control.

5.2.4 GST protein tags do not contribute to the biological activity of fusion
proteins

Although all three pilus protein-M2e fusion peptides activated HEK-hTLR2, the BP based
fusion peptides GST-BP-M2e and GST-M2e-BP induced more pronounced TLR2 stimulation
compared to His-AP1-M2e. This is somewhat opposite to the observation when the assays were
carried out using the recombinant BP and AP1 proteins alone, where AP1 always exhibited a
higher degree of TLR2 or TLR2/6 binding and activation (Figures 4.8, 4.10 and 4.12). One
possible reason for this disparity could be the tag present in these fusion proteins. The original
BP and AP1 recombinant proteins were both expressed as His-tagged proteins. However, the
M2e fusion proteins discussed here were generated with different tags. Whilst His-AP1-M2e
contains the small ~0.8 kDa His tag, the BP and M2e fusion proteins carry the ~26 kDa GST
tag, which is almost as large as the BP subunit itself. This raised the question of whether the

GST tag, which made up a considerable portion of the conjugated protein structure, played a
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role in the capacity of the fusion proteins to activate immune cells via TLR2. In order to address
this query, GST-BP-M2e and GST-M2e-BP protein solutions were incubated with 3c protease
to separate the GST tag from the remaining part of the recombinant protein, as there is a 3c
protease recognition site between the GST tag and the BP-M2e portion. These protein solutions
were loaded onto a glutathione column and flow through, containing complexes without GST,
was collected. Subsequently, elution with reduced glutathione was performed in order to
release the GST moiety from the column. Visualisation on SDS-PAGE indicated that this
enzymatic cleavage and subsequent protein purification resulted in the ~50 kDa proteins
becoming segmented into a ~30 kDa portion consisting of BP-M2e (Figure 5.8A) or M2e-BP
(Figure 5.8B) and a ~26 kDa portion containing the GST tag (Figure 5.8A, B).

A

Figure 5.8 Separation of BP-M2e and M2e-BP from GST tag by 3c protease followed by
glutathione affinity chromatography. As visualised on 12.5% SDS-PAGE, (A) ~50 kDa GST-
BP-M2e protein solutions were incubated overnight with 3c protease before being passed
through the glutathione column to collect ~30 kDa BP-M2e in the flow through. Reduced
glutathione was then added to elute the ~26 kDa GST tag in 2ml fractions. (B) The process was
repeated with ~50 kDa GST-M2e-BP to separate the ~30 kDa M2e-BP from the ~26 kDa GST
tag. L; protein ladder.

The separated components of the fusion proteins were then tested on the established HEK -
hTLR2 assay. The intact GST-BP-M2e and GST-M2e-BP proteins were incubated alongside
BP-M2e, M2e-BP and the GST tag for 9 hours with the HEK-Blue hTLR2 cells in a media

suspension containing HEK-Blue detection substrate. Absorbance was then read at 655 nm to
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evaluate TLR2 activation. Both the cell suspensions exposed to intact pilus protein-M2e
peptides and the cleaved versions lacking the GST tag (BP-M2e and M2e-BP) had significantly
greater absorbance readings compared to unstimulated cells. On the other hand, the absorbance
measurements from cell suspensions incubated with the GST tag alone were not significantly
different to unstimulated cells. These observations signify that the GST tag itself does not
possess the ability to activate TLR2-mediated cell signalling and lacks a biological function

that could contribute to the simulative properties of the pilus protein-Mz2e peptides.
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Figure 5.9. GST tag does not contribute to the pilus protein-M2e fusion peptides’ ability to
stimulate TLR2.HEK-Blue hTLR2 cells were incubated for 9 hours with recombinant GST-
BP-M2e, GST-M2e-BP, BP-M2e, M2e-BP, GST tag or positive control (1 pug/ml PamszCSKa)
or left untreated. Level of TLR2 activation was determined by measuring absorbance of cell
supernatant at 655 nm. Experiments were performed in duplicate and data from three
independent repeats is shown as meanzS.D. Statistical significance was determined by one-
way ANOVA, and P-values were calculated by Holm-Sidék’s multiple comparisons test.
*P <0.05, **P <0.01, ***P <0.001 compared with the negative control.

5.3 Discussion

This chapter focused on the creation and subsequent validation of GAS pilus protein-M2e

fusion proteins for ensuing exploration of the adjuvanting properties of the pilus.
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Protein-protein conjugates can be manufactured via manipulation of different stages of the
protein production pathway. Most commonly, the genes for the two proteins of interest can be
expressed sequentially, resulting in the two proteins being translated as a single polypeptide
chain (316). Alternatively, the two proteins can be expressed separately and post translationally
linked using biochemical reactions (316). This route is often taken when expression of the two
proteins from the former method fails to culminate in adequate yields of a correctly folded,
functionally active complex (316,317). Creation of the GAS pilus protein-M2e conjugates was
undertaken using the first approach by molecular cloning, as previous studies using this
technique has resulted in the successful conjugation of flagellin (a TLR ligand) and M2e as a
single recombinant protein (318). Studies have found that the order in which each protein is
expressed can be consequential, with the placement of one protein observed in some cases to
effect folding or functionality of the other (319,320). For this reason, four constructs were
designed originally, which included all possible combinations of the pilus protein-M2e
conjugation orders (GST-BP-M2e, GST-M2e-BP, His-AP1-M2e, and His-M2e-AP1). The
most feasible way to generate these proteins within the limited timeframe of this project was

to add the M2e peptide to existing plasmids that already contain the pilin gene.

As chronicled in the sections above, cloning of expression plasmids for the production of BP
with N terminal M2e, BP with C terminal M2e and AP1 with C terminal M2e proved successful.
Two versions of AP1 conjugated with M2e at the C terminus were constructed. The first
version, AP1(LPXTG)-M2e, contained AP1 with the LPXTG sorting motif, which targets pilus
proteins to the cell membrane and is cleaved to facilitate oligomerisation of subunits. The
second variant contained mature AP1 without the sorting motif (AP1-M2e). Unfortunately,
construction of the fusion gene for expression of AP1 with N terminal M2e proved
unsuccessful despite several alterations to the cloning design and thus this fusion protein could

not be generated within the timeframe of this project, making it an avenue for future work.

Once the conjugated proteins were produced in E. coli expression systems and purified, their
authenticity was investigated using western blots. Immunoblotting of the purified GST-BP-
M2e and GST-BP-M2e samples with both aBP and aM2e indicated that the BP and M2e
portion can both be detected in the polypeptides (Figure 5.5A). The stability of the fusion
proteins was emphasised upon examining the immunoblot of samples incubated at room

temperature for 24 hours. The resulting blot did not show additional discernible bands that
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would signify degradation. This was unsurprising considering BP has long been recognised for
its thermal and proteolytic stability, which has been attributed to intramolecular isopeptide
bonds (321,322). Both N and C terminal portions of BP contain isopeptide bonds, which join
the first and last 3 strands of each domain together. This linkage of residues at distant points
on the linear amino acids sequence results in a highly stable bond that is resistant to mechanical
unfolding (321). Due to their intramolecular positions, terminal conjugation of M2e likely had

no effect on these stabilising bonds.

Western blots of His-AP1-M2e and His-AP1(LPXTG)-M2e with aAP1 and aM2e also
affirmed protein integrity, verifying expression of both the AP1 and M2e moieties within the
conjugated proteins. However, the His-AP1(LPXTG)-M2e samples exhibited degradation, as
evidenced by the additional protein bands visible on the aAP1 immunoblots (Figure 5.5B).
Degradation products were present regardless of the prolonged incubation at room temperature,
insinuating that the protein was prone to rapid degradation. Previous studies into the AP1
subunit have reported that the protein is susceptible to breakage at a proline rich sequence,
resulting in the division of AP1 into an N terminal fragment spanning the first third of the intact
protein and a larger C terminal fragment encompassing the remaining two thirds (70).
Inspection of His-AP1(LPXTG)-M2e on the western blots appear to signal this phenomenon
occurring. There is a palpable protein band detected by aAP1 at around ~40 kDa and as this is
a third of the size of the ~120 kDa whole protein, it aligns in size to the N terminal fragment
that tends to break off from the full-length AP1(70). Furthermore, this protein band was not
visible in the aM2e-probed western blot, propounding the idea that the fragment originated
from the N terminus, which does not carry the M2e antigen and would thus evade detection by
aM?2e. Fortunately, recombinant AP1 devoid of the N-terminal fragment does not have
inhibited adhesion compared to full intact AP1 and this region is absent in some GAS serotypes
(70,323,324). This suggests that the N-terminal fragment is less likely to be required for innate
immune receptor recognition of AP1 and thus the degradation observed is anticipated to not
heavily impact the interaction between fusion proteins and immune cells. As touched on above,
BP contains stabilising intramolecular isopeptide bonds in both the N and C terminal domains
(67). On the other hand, such isopeptide bonds have only been identified in the C-terminal
domain of AP1 (325). The localisation of isopeptide bonds to solely the C-terminal region of
AP1, coupled with the protein’s vulnerable proline rich region, may be contributing to the AP1

fusion proteins possessing overall decreased stability compared to the BP fusion proteins.
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Interestingly, the His-AP1-M2e fusion protein appeared to have greater stability than His-
AP1(LPXTG)-M2e, with distinct degradation products not made apparent by the western. The
presence of the LPXTG cell sorting sequence in His-AP1(LPXTG)-M2e may be the cause of
this disparity. The LPXTG motif is found in the precursor pilus proteins synthesised in the
cytosol, and upon translocation of the protein to the outer cellular membrane, the Sortase A
enzyme cleaves LPXTG between threonine and lysine (326). This results in protein maturation
and incorporation into the pilus structure via isopeptide bonding to the lysine residue in the
next pilus subunit (70,240). Therefore, His-AP1(LPXTG)-M2e may be prone to breakage as
the construct contains the pre-processed version of AP1 with the motif targeted for cleavage.
Conversely, the AP1 subunit in His-AP1-M2e is in the mature form which does not contain the
LPXTG motif and thus may be less susceptible to fragmentation as it does not possess an amino

acid segment destined for cleavage.

Information on protein integrity provided by the western blots was supplemented by the
sandwich ELISA, which aided in the selection of fusion proteins appropriate for further
validation. GST-BP-M2e, GST-M2e-BP and His-AP1-M2e all exhibited a dose dependent
relationship between concentration and absorbance on these ELISAS, where pilus subunit
antibodies were used to capture the proteins and M2e antibodies were used to mediate protein
detection (Figure 5.6A, B, C). This dose dependent relationship was indicative of the fusion
proteins’ being simultaneously recognised by both pilus protein and M2e antibodies. This
verified the authenticity of the fusion proteins further by demonstrating that both the M2e and
pilus proteins were extant on the same molecule. Furthermore, the assay provided assurance
that the M2e antigen, which was presented in a linear peptide form by SDS-PAGE, was
properly presented in the protein form. Additionally, recognition of the protein via the
protective 14C2 antibody provided assurance that the complex contained the protective epitope
of M2e. On the contrary, His-AP1(LPXTG)-M2e did not demonstrate this dose dependent
relationship, with addition of increased amounts of the protein to the ELISA assay not equating
to increased absorbance (Figure 5.6D). This insinuated that either the M2e antibody or the AP1
antibody, or both, failed to recognise the structure. As His-(LPXTG)-M2e did appear to express
both M2e and AP1 peptides as per the western, it could be deduced that although both proteins
were expressed as a single polypeptide, the complex was susceptible to breakage. Similar
explorations into protein integrity using sandwich ELISAs have demonstrated that degradation

of proteins results in a significant decrease in absorbance measured, with values at times falling
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below the detection limit (327,328). The lack of signal detected from the ELISA may be
indicative of breakage of the protein, resulting in the C-terminal fragment becoming washed
off during the assay, leaving the M2 14C2 antibody unable to recognise the complex. This
rearticulates the protein fragmentation illustrated in the western, where degraded product could

only be recognised by the AP1 antibody.

This assay illustrated that the His-AP1(LPXTG)-M2e complex was not likely to be able to
interact with immune cells as an whole, intact structure concurrently presenting both AP1 and
M2e. Thus the construct was not subjected to further verification and the decision was made to
omit the protein from the downstream studies investigating pilus protein facilitated M2e

antibody response.

The three fusion proteins identified to have structural integrity (GST-BP-M2e, GST-M2e-BP,
His-AP1-M2e) were finally verified for bioactivity using the HEK-Blue hTLR2 cell lines to
confirm that conjugation to M2e had not impeded the ability of the pilus proteins to interact
with TLR2. All three fusion proteins tested were able to stimulate TLR2 expressed on these
reporter cell lines following an incubation period, as illustrated by significantly higher
measured absorbance compared to untreated cells (Figure 5.7). It should be noticed that while
GST-BP-M2e and GST-M2e-BP induced pronounced levels of TLR2 activation on par with
the positive control, the ability of His-AP1-M2e to stimulate this receptor was not quite as high.
Although additional information on the full structure of the fusion protein is required for an
extensive explanation, some likely rationale can be raised. Firstly, although the pilus proteins
were found to be recognised by TLR2 in the preceding chapter, the exact interface residues
were not established. Thus there was possibility of the C terminal region of AP1 being crucial
for the interaction with TLR2 and therefore tethering of M2e to this region may have obstructed
access to the functional moiety, resulting in subdued interaction between AP1 and TLR2 (317).
This was particularly of concern for His-AP1-M2e as the latter half of the AP1 complex,
including the C terminal region, was solely responsible for the protein’s adhesive properties
and bacterial protein binding to host cells have previously been found to facilitate subsequent
TLR activation (70,329-331). Furthermore, the fusion of proteins without a linker can impair
the activity of proteins due to steric hindrance and a reduction in the degrees of freedom of the

protein (317,332,333). Although the small size of M2e likely curtails complete disruption of
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the interactions between AP1 and TLR2, there is possibility that the addition of this peptide

without a linker imposed some level of inhibition on pilus protein signalling through TLR2.

As the pilus protein fusion complexes were expressed on different systems, they included
different tags, adding variability in the composition of the structure. While the His tag is fairly
small and not a major component of the fusion protein composition, the GST tag makes up a
significant portion of the pilus protein-M2e fusion complex. This led to speculation of the GST
tag having intrinsic immunostimulatory properties leading to the marked difference in TLR
activation between His-AP1-M2e and GST-BP-M2e or GST-M2e-BP. If the GST tag did
appear to have a biological function, additional manipulation of the GST-BP-M2e and GST-
M2e-BP complexes to remove the tag would be required before use in antibody response
studies in order to ensure any adjuvanting effects subsequently measured were due to BP alone
and not a result of the combined impact of BP and GST. Thus a sample of GST-BP-M2e and
GST-M2e-BP was cleaved at the GST tag and the split fusion protein components were tested
on the HEK-hTLR2 cells (Figure 5.9). GST tag isolated from the fusion protein did not activate
TLR2 signalling and both BP-M2e and M2e-BP triggered TLR2 stimulation in the absence of
this tag at similar levels to their tagged counterparts. This confirmed that any apparent increase
in immune response in the presence of the GST tag was not likely due to this component being
inherently immunostimulatory. It is rather more likely that the GST tag increased antigen
stability and elevated the interactions between TLR2 and intact fusion protein over the

incubation period.

Despite some differences in the level of stimulation promoted by each of the fusion proteins, it
could be concluded that the ability of the pilus proteins to activate TLR2 was preserved
following conjugation to M2e. Thus GST-BP-M2e, GST-M2e-BP and His-AP1-M2e could be
deployed to investigate whether BP or AP1 mediated TLR2 induction had an effect on the
antibody response to the conjugated M2e peptide. This exploration into the adjuvanting

properties of the pilus proteins was initiated in the following chapter.
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Chapter 6: Exploring the adjuvanting capacity of the pilus
proteins

The successful construction of pilin-antigen fusion proteins enabled the exploration of the
adjuvanting capacity of the pilus proteins. This investigation was initiated by testing the ability
of pilus proteins to activate immune cells. As touched on before, activation of TLRs expressed
on APCs endows these cells with the ability to modulate adaptive immune responses. This is
due to TLR signalling inducing the process of APC activation and maturation, resulting in
secretion of immunomodulatory cytokines, upregulation of co-stimulatory transmembrane
molecules, altered chemokine receptor expression and ability to display antigens on the cell
surface (132,334). These upregulated APC features are able to activate T cells, which in turn
gives these cells the capacity to stimulate antibody-generating B cells (335,336). Accordingly,
one metric used to study the capacity of the pilus proteins to modulate adaptive immune
response was the ability of BP and AP1 to induce maturation markers such as cytokine release
and co-stimulatory molecule expression. Previous chapters have demonstrated the pilus
proteins inducing the release of TNF, one of the cytokines associated with APC
activation/maturation and adaptive immune cell regulation (337,338). This provided a glimpse
into the potential of the pilus proteins to enhance the immunomodulatory abilities of APCs, but

a more extensive assessment of the cytokine profile was required.

It should be noted that the ultimate goal of an adjuvant is to elevate antigen-specific immune
response. Resultantly, the ability of the pilus proteins to enhance immunogenicity of an antigen
provides clear indication of their adjuvant activity. Therefore, the pilus proteins were utilised
in both in vitro cell-based assays and in vivo mouse immunisation studies to evaluate the
adjuvanting properties of the structures. The results of their ability to activate
immunomodulatory processes as well as their influence on downstream production of antigen

specific antibodies are presented in this chapter.

6.1 Examining the ability of pilus protein to activate immune cells

Prior to mouse immunisation studies, a murine macrophage cell line (J774A.2) was utilised to
investigate the ability of the pilus proteins to elicit enhanced cellular activity and maturation.
A multitude of studies have previously evaluated potential adjuvanting systems using murine

macrophage cell lines, including explorations of TLR based constructs (339-341). One of the
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most common indicators used in such studies to highlight activation/maturation was the
expression of the transmembrane co-stimulation molecules such as CD80 and CD86, which
possess the ability to modulate T cells (340-342). Secretion of cytokines associated with an
activated cell state was also commonly monitored either via direct measurements of released
cytokines or through quantification at the mRNA level (340,341). GAS has been shown to
induce macrophage activation, with exposure to the bacteria found to trigger the upregulation
of co-stimulatory transmembrane proteins which can interact with adaptive immune cells
including CD40, CD80, CD86 and the antigen presenting MHCII complex (168). Further
evidence of the whole organism-driven cell activation by GAS has been confounded by the
surge of secreted inflammatory cytokine and cell transmigration signals following incubation
of macrophages with the bacteria (168,343). However, the contribution of pili in this process
has not yet been explored. Resultantly, the effect of GAS pilus proteins on macrophage
activation/maturation was examined in the section below by appropriating methods previously
used to study the response evoked by other TLR adjuvants and whole GAS, such as in the

aforementioned experiments.

6.1.1 Pilus proteins induce macrophage activation

Prior to delving into specific markers, a colourmetric assay using MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was performed to carry out an initial
evaluation of whether the pilus proteins are able to activate mouse macrophages. MTT is a
mono-tetrazolium salt with the ability to pass through the cell membrane into the mitochondrial
inner membrane, where metabolically active cells can reduce the molecule to formazan crystals
(344,345). Solubilisation of these crystals yields a colour change which can be correlated to
the level of metabolic activity in the cells, signalling macrophage activation (346). Accordingly,
J774A.2 cells were seeded into a 96 well plate at a density of 5 x 10% or 2.5 x 10* per well and
incubated for 24 hours with negative control PBS, positive control ConA, BP or AP1 before
the cell suspension was supplemented by MTT. At the end of the incubation, DMSO was added
to solubilise crystals formed and absorbance was measured at 540 nm. At both cell densities,
compared to untreated cells given PBS, cells incubated with positive control or the pilus
proteins had significantly higher recorded absorbance levels (Figure 6.1). This demonstrated

that exposure to the pilus proteins increased macrophage activation.
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Figure 6.1. Pilus proteins induce macrophage activation.J774A.2 cells were incubated for 24
hours with recombinant BP, recombinant AP1, positive control (100 pg/ml ConA), or PBS.
Subsequently, cells were incubated for 1 hour with 500 pug/ml MTT reagent followed by the
addition of DMSO and a 15 minute incubation, before absorbance was measured at 540 nm.
Experiments were performed in duplicate and data from three independently performed
experiments is shown as mean + S.D. Statistical significance was determined by one-way
ANOVA, and P-values were calculated by Holm—Sidék’s multiple comparisons test. *P <0.05,
**P <0.01, ***P <0.001 compared with the negative control (PBS).

6.1.2 Pilus proteins elicit macrophage secretion of cytokines associated with
adaptive immune cell activation

Subsequent to confirmation of the pilus proteins inducing macrophage activity, the downstream
effects of this interaction were explored. As demonstrated in previous chapters, pilus proteins
have been implicated in the upregulation of TNF secretion. Following up on this observation,
a Luminex assay was utilised to determine if the pilus proteins induced the expression of other
cytokines associated with modulating adaptive immunity. Luminex assays make use of a
repertoire of spherical beads coated with capture antibodies specific for different proteinaceous
analytes. As each bead population bears a unique fluorescent signal, they can be detected via a
flow-based detection system to determine the amount of bound analyte. As multiple bead types
can be added to each sample of biological fluids, this assay allows for the simultaneous
detection of a panel of selected cytokines (347,348). For the purposes of this experiment, a pre-
existing panel containing mouse macrophage cytokines associated with adaptive immune cell
modulation was utilised. This panel contained IL-2, IFNy, TNF, IL-4, IL-10, IL-17 and IL-6,
which are all cytokines associated with T cell differentiation into distinct Th lineages. J774A.2
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cells were seeded into a 96 well plate at 1 x 10°/ well and incubated for 24 hours with either
recombinant BP, recombinant AP1, positive control PamsCSKaor left untreated before the cell
supernatant was tested on the Luminex panel as per the manufacturer’s protocol. As previously
illustrated, both BP and AP1 induced the secretion of TNF, with cytokine levels detected 4-
fold higher in the supernatant of cells incubated with the pilus proteins compared to cells left
untreated (BP, P=0.018, AP1, P=0.025) (Figure 6.2). Furthermore, pilus proteins appeared to
enhance the secretion of I1L-6, with cells exposed to AP1 displaying 9.5-fold higher supernatant
concentrations of the cytokine compared to untreated cells (P=0.0275). Cells incubated with
BP also had 2-fold higher supernatant IL-6 levels compared to untreated cells but this was not
statistically significant, perhaps owing to the strong response induced by the positive control
skewing the analysis of variance (Figure 6.2). The levels of IL-2, IL-4, IL-10, IL-17 and IFNy

secreted were below the limit of detection following incubation with pilus proteins.
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Figure 6.2. Pilus proteins induce cytokine secretion from macrophages.J774A.2 cells were
incubated for 24 hours with recombinant BP or recombinant AP1 or positive control (1 pg/ml
PamsCSKa) or left untreated. Cell supernatant was then harvested and secreted TNF, IL-2, IL-
4, IL-6, IL-10, IL-17 and IFNy concentration quantified using Luminex. Samples from three
independent runs were tested in duplicate and read using the same standard curve are shown as
mean * S.D. Statistical significance was determined by one-way ANOVA, and P-values were
calculated by Holm-Sidak’s multiple comparisons test. *P < 0.05, ***P < 0.001 compared with
the negative control.

6.1.3 Pilus proteins upregulate adaptive immune cell co-stimulation
receptors on macrophages

The pilus proteins’ effects on the macrophage expression of adaptive immune cell co-

stimulation receptors was also examined. In particular, macrophage upregulation of the
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adaptive immune cell modulating CD80, CD86, F4/80 (murine homologue of EMR-1, a well-
established marker for macrophages) and MHC-I11 following exposure to the pilus proteins was
studied using flow cytometry. In short, J774A.2 cells were incubated for 24 hours with pilus
proteins, LPS, or left untreated, before they were harvested in PBS using TrypLE enzyme. LPS
was included in the assay as a positive control to indicate the cells’ capacity to upregulate co-
stimulatory markers, due to its strong activation of the J774A cell lines (341). Harvested cells
were then incubated with fluorescently labelled antibodies against CD80, CD86, F4/80 and
MHC-II before undergoing washing steps to remove unbound antibodies. The cells were then
analysed on a flow cytometer, with the mean fluorescence intensity of each antibody label
determined to evaluate expression of the receptors. Incubation of cells with pilus proteins or
positive control LPS appeared to increase expression of the co-stimulatory receptors, signified
by the fluorescence signal recorded from these cells appearing to be markedly higher than the
untreated cells (Figure 6.3A). A more detailed examination of the MFI recorded indicated that
both BP and AP1 measurably induced the upregulation of CD86 and CD80. Measuring cells
for fluorescent antibodies against CD86 illustrated BP treated cells and AP1 treated cells
having 2.5-fold (P< 0.001) and 2.4-fold higher (P=0.002) MFI values compared to untreated
cells respectively. Similarly, observations of the fluorescence from CD80 antibodies depicted
the cells exposed to BP and AP1 having respectively 6.4-fold (P< 0.001) and 3.1-fold greater
(P= 0.049) MFI compared to untreated cells. Additionally, BP appeared to considerably
heighten expression of F4/80, with the MFI of cells incubated with BP being 5.9-fold greater
than untreated cells (P= 0.008) (Figure 6.3B). AP1 also appeared to induce F4/80 upregulation,
with the MFI recorded from AP1 incubated cells 3.9-fold higher than untreated cells, but this
increase in fluorescence intensity was not statistically significant. Similarly, cells treated with
pilus proteins appeared to express slightly greater amounts of MHCII compared to untreated
cells, with a 1.6-fold difference in MFI values, but this discrepancy was not statistically

significant (Figure 6.3B).
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Figure 6.3 Pilus proteins upregulate expression of co-stimulation receptors on macrophages.
J774A.2 cells were incubated for 24 hours with recombinant BP, recombinant AP1, positive
control (1 pg/ml LPS) or left untreated. Cells were harvested using TrypLE and incubated with
fluorescently labelled antibodies against CD86, CD80, F4/80 and MHCII. Flow cytometry was
used to analyse the expression of these surface markers. Fluorescence intensity was recorded
for 30,000 events per group. Mean fluorescence intensity data was standardised against
unstained control cells and is shown as bar graphs meanS.D from three independently
performed experiments. Statistical significance was determined using one-way ANOVA
followed by Holm-Sidak multiple comparisons test. *P <0.05, **P < 0.01, ***P <0.001
compared to untreated negative control.
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6.2 Mouse Immunisation with pilin-M2e fusion proteins

The preceding sections portrayed the ability of the pilus proteins to augment processes on
macrophages associated with adaptive immune modulation, such as the expression of co-
stimulatory molecules and cytokine secretion. This substantiated the potential of the pilus
proteins to enhance the production of antigen-specific antibodies when co-administered with
an antigen. Accordingly, the adjuvanting ability of the pilus proteins was further explored by
investigating antibody responses in mice vaccinated with the pilin-M2e fusion proteins
generated in Chapter 5. In order to evaluate whether the pilus proteins elevated M2e antibody
production, the levels of these specific antibodies generated in the fusion protein immunised
mice was compared to that of mice exposed to synthetic M2e peptide alone. As a positive
control, a group of mice were also immunised with a mixture of M2e peptide and poly I:C, an
established TLR3 specific adjuvant with the ability to stimulate a robust inflammatory response
(349).

The pilus protein-M2e fusion complexes and experimental controls were administered
intranasally as a mucosal vaccine. Influenza infections originate from mucosal sites within the
upper respiratory tract and thus a strong local immune response would be beneficial in
preventing viral replication and penetration during the early stages of pathogenesis (350).
Mucosal administration of influenza antigens has been touted as an effective method to achieve
this, by inducing concentrated IgA antibody production in the upper respiratory tract, on top of
systemically disseminated antibodies (351). In fact, previous immunisation studies where the
M2e antigen was administered intranasally with a cholera toxin based adjuvant have
demonstrated ameliorated protection against the influenza virus compared to parenteral M2e
delivery (352). Furthermore, intranasal delivery of M2e with adjuvant was found to elicit IgA
driven cross protection and reduction in viral transmission, whilst protective IgA was not
generated at detectable levels following parenteral immunisation (352—-354). As in the case of
many proposed mucosal vaccines, M2e was not found to engender sufficient antibody response
or elicit protection in the absence of an adjuvant and the probe for the most suitable molecule
is ongoing (355-357). Few mucosal vaccines have been established for use in humans, in part
due to a lack of effective adjuvant options for immunisations through this route. Cholera toxin
and E. coli heat labile toxin are two of the most well studied potential mucosal adjuvants but

despite their potency, these have not been approved for human use due to their enterotoxin
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characteristics causing severe diarrhoea and potential to cause damage to the central nervous
system via the olfactory nerves (358,359). Furthermore, efforts to reduce or eliminate the
toxicity of such bacterial toxin based adjuvants without diminishing potency or stability have
proven challenging and are ongoing (358). Explorations of other mucosal adjuvant candidates
such as cytokines and synthetic lipids are in progress as well but have not yet led to the
establishment of a licenced product and there is a need to ensure mechanisms of action can be
precisely determined to circumvent excessive immunological activation which would prove
harmful (358,360). As described in Chapter 3/4 and our publications (206,252), the pro-
inflammatory properties and safety profile of pilus proteins make them a promising candidate
in the development of a mucosal adjuvant. Accordingly, mucosal immunisation was
incorporated into the experimental design to provide a contextually relevant example of how

the potential adjuvanting properties of pilus proteins could be capitalised.

As detailed below, a dose-exploration immunisation study was firstly conducted using two of
the pilus protein-M2e constructs to establish a vaccination regimen which was both safe and
able to demonstrate antibody responses. This was followed by testing of the full panel of fusion
proteins and control vaccine formulations. Both the pilot and full study were undertaken over
a period of 28 days, with 3 rounds of weekly immunisation and sample collection one week

after the final booster.

6.2.1 Immunisation with pilus protein-M2e fusion peptides shows dose-
dependent response

In order to determine the effect of administered dosage and establish a vaccination protocol for
the full immunisation panel, a pilot study using His-AP1-M2e and GST-BP-M2e was
conducted. Six groups of female BALB/c mice, with 5 mice in each group, were administered
varying dosages of the fusion proteins as a 100-pl intranasal vaccine. Two additional groups
of mice were given recombinant AP1 or BP devoid of the M2e antigen, respectively. The 8
vaccination groups were thus as follows: His-AP1-M2e 50 ug, His-AP1-M2e 5 pg, His-AP1-
M2e 1 pg, AP1 50 pg, GST-BP-M2e 50 pg, GST-BP-M2e 10 pg, GST-BP-M2e 1 pg, BP 50
Mg (As per Table 2.14). Mice were immunised three times at one-week intervals and all animals
did not develop any adverse health effects across the immunisation period, including the
cohorts receiving the highest dosages. One week after completing the immunisation schedule,

serum, bronchial alveolar lavage (BAL) and nasal wash (NW) samples were collected.
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Antibody levels against M2e and pilus proteins were determined using ELISA with

immobilised M2e peptide or pilus proteins, respectively.

Immunisation of mice with His-AP1-M2e resulted in a dose dependent antibody response
against AP1. The highest 1gG response against AP1 was seen in the mice given the 50 ug
dosage, as illustrated in Figure 6.4A. The antibody response became less pronounced as the
dosage was lowered, and this trend could also be seen in BAL and NW IgA. Although the trend
was not as uniform, M2e antibody response also appeared to illustrate a dose dependent effect,
with response apical in mice given the highest 50 pug dosage (Figure 6.4B). Mice immunised
with GST-BP-M2e produced an analogous dose dependent antibody response to the His-AP1-
M2e cohort. Highest response for 1gG and IgA samples against BP were obtained from mice
administered with the 50 pg dosage of fusion protein and antibody response curtailed as the
dosages were stepped down (Figure 6.4B). Furthermore, M2e IgA response was greatest in the
50 pg dosage mice and appeared to decrease as the dosage was lowered. Of note, IgG response
appeared to be relatively low for all three dosages (Figure 6.4B). For both His-AP1-M2e and
GST-BP-M2e immunisation cohorts, each dosage group appeared to exhibit generally lower
M2e antibody responses compared to pilus protein antibody responses. Interestingly, while
mice administrated 50 pg of AP1 had similar AP1 specific IgG and IgA antibody responses
compared to mice immunised with 50 pug of His-AP1-M2e (Figure 6.4A), the mice given 50
Kg BP had a lower antibody response in comparison to their counterparts vaccinated with GST-
BP-M2e (Figure 6.4B).

This pilot study indicated that the antibody response to both AP1 and BP based M2e fusion
proteins was dose-dependent and vaccination with 50 pg of fusion proteins resulted in the
highest serum and mucosal antibody titres. As this dosage elicited maximal antibody response
and did not appear to trigger adverse effects in the mice, it was selected for the full

immunisation panel.
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Figure 6.4. Immunisation with His-AP1-M2e and GST-BP-M2e induces M2e/pilus protein 1gG
antibody response. BALB/c mice (n=5) were intranasally immunised with either His-AP1-M2e
or GST-BP-M2e at 50 pg, 5 pg or 1 pg. Additional groups of mice were administered 50 pg
BP or AP1.Serum, nasal wash and bronchial alveolar lavage samples were collected and serum
samples were diluted 1:200. (A) AP1 and M2e antibody response of mice immunised with His-
AP1-M2e, as well as (B) BP and M2e antibody response of mice immunised with GST-BP-
M2e was determined by ELISA performed in duplicates. Each data point represents the
antibody response in an individual mouse determined by measuring change in absorbance from
baseline at 450 nm (with absorbance at 570 nm subtracted to correct for background
absorbance). The median of each group is shown as a horizontal line.

6.2.2 Immunisation with pilus protein-M2e fusion peptides results in M2e
specific mucosal antibody production

Following establishment of the optimal dosage for pilin-M2e fusion protein immunisations, the
full vaccination panel was tested on mice. Five groups of female BALB/c mice (n=6) were
immunised intranasally with three weekly doses. The 5 vaccination groups were as follows:
GST-BP-M2e, GST-M2e-BP, His-AP1-M2e, poly I:C+M2e and M2e only. A week after
completing the immunisation schedule, serum and NW samples were collected. ELISAs were
performed using serum samples starting at 1:200 dilution and NW samples starting from NEAT,
to determine M2e specific IgG and IgA responses. Endpoint titre was determined as the
minimum serial dilution where absorbance was above mean absorbance + 3 standard deviations

of control wells.
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M2e specific mucosal IgA response was found to be varied between groups. While overall
antibody response was not strikingly robust, mice vaccinated with the pilus protein-M2e fusion
peptides possessed statistically significantly higher M2e-specific IgA titres compared to mice
administered M2e alone (Figure 6.5A). Mice immunised with GST-M2e-BP had the highest
amounts of M2e specific antibodies, compared to mice vaccinated with just M2e (P= 0.0005).
These mice additionally had greater levels of M2e IgA compared to mice administered poly
I:C+M2e (P=0.01) (Figure 6.5A). Compared to mice immunised with M2e alone, M2e IgA
production was also significantly higher in mice vaccinated with GST-BP-M2e (P=0.032) and
His-AP1-M2e (P=0.025) (Figure 6.5A).

Whilst immunisation with pilus protein-M2e fusion peptides induced somewhat higher
mucosal antibody responses in mice than administration of M2e alone, the fusion proteins did
not appear to enhance serum IgG responses (Figure 6.5B). In fact, mice administered GST-BP-
M2e, GST-M2e-BP and His-AP1-M2e all did not produce levels of M2e specific serum IgG
above the titre cut-off. The mice vaccinated with poly I:C+M2e did however generate
substantial M2e 1gG, with antibody titre significantly greater than mice in the M2e alone group
(P=10.026) (Figure 6.5B).
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Figure 6.5. Immunisation with pilus protein-M2e fusion peptides induce significant M2e IgA
antibodies but not IgG antibodies. BALB/c mice (n=6) were intranasally immunised with either
GST-BP-M2e, GST-BP-M2e, His-AP1-M2e poly 1:C+M2e or M2e alone. Serum and nasal
wash samples were collected and serum samples were diluted 1:200 before all samples were
titrated and analysed using ELISA with immobilised M2e in duplicate to determine (A) IgA
M2e endpoint antibody titre and (B) IgG M2e endpoint antibody titre. Each data point
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represents the endpoint antibody titre in an individual mouse, defined as the minimum serial
dilution where absorbance was above mean absorbance + 3 standard deviations of control wells.
The median of each group is shown as a horizontal line and statistical significance was
determined using Kruskal-Wallis analysis with a Dunn’s test for multiple analysis. *P <0.05,
**P <0.01, ***P <0.001

6.2.3 Serum antibody response to pilus protein-M2e is skewed towards pilus
proteins
The lack of serum IgG antibodies against M2e detected in mice immunised with pilus-protein
M2e peptides prompted a probe into the vaccination efficiency and verification of whether
there was antibody induced towards the pilus subunits portion of the vaccine. To this end,
ELISAs using 1:200 diluted serum samples collected from the immunisation panel were
performed to determine pilus protein specific 1gG response. End point titre was determined as
the minimum serial dilution where absorbance was above mean absorbance + 3 standard

deviations of control wells.

The ELISAs showed significant levels of pilin-specific IgG in the serum samples. Mice given
His-AP1-M2e had median endpoint AP1 IgG antibody titre of 5300, whilst the cohorts
immunised with GST-BP-M2e and GST-M2e-BP had median endpoint BP IgG titres of 5500
and 2700 respectively (Figure 6.6). The presence of these pilus specific antibodies gave
assurance that the immunisation was effective and the lack of serum M2e IgG measured
previously was not due to the vaccine lacking efficiency. However, coupled with the
observation of the fusion protein vaccinated mice not exhibiting substantial levels of serum
M2e IgG, these results suggest that serum antibody response to pilus protein-M2e peptides was

dominated by the production of antibodies against the pilus component of the structure.
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Figure 6.6. Immunisation with pilus protein-M2e fusion peptides induce significant pilus
protein 1gG antibodies. BALB/c mice (n=6) were intranasally immunised with either GST-BP-
M2e, GST-BP-M2e, His-AP1-M2e poly 1:C+M2e or M2e alone. Serum samples were collected
and diluted 1:200 before being titrated and added to ELISA with immobilised BP or AP1 in
duplicate to determine BP and AP1 specific IgG antibody endpoint titre. Each data point
represents the endpoint antibody titre in an individual mouse, defined as the minimum serial
dilution where absorbance was above mean absorbance * 3 standard deviations of control wells.
The median of each group is shown as a horizontal line.

6.3 Discussion

This chapter surveyed the capacity of pilus proteins to modulate adaptive immunity using both
in vitro and in vivo systems. The first block of in vitro assays addressed whether the pilus
proteins enhanced the capacity of APCs to interact with and modulate portions of the immune
system. Before specific modulatory factors upregulated by the pilus proteins were pin-pointed,
an initial survey into whether these structures activated macrophages, an initiative step of the
immune cell maturation, was performed using the MTT assay. As touched on above, MTT can
be reduced by mitochondrial dehydrogenases in metabolically active cells to form crystals,
which can be measured in a colourmetric assay (361). Resultantly, colourmetric measurements
of cell suspensions with MTT are proportional to the level of activity of the cells. For example,
activated lymphocytes demonstrate ten-fold higher colourmetric measurements compared to
resting cells (362). These properties of the MTT assay have confounded in its usage in a variety

of adjuvant studies to scope whether the molecules induced macrophage activation and
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proliferation prior to investigations delving into specific pathways activated (361,363,364). For
instance, the MTT assay has assisted in illustrating the ability of aluminium based adjuvants to
enhance THP-1 activity and were also used to highlight the increased macrophage stimulation
driven by TLR4 activating polysaccharides, prior to measuring upregulation of downstream
immunomodulatory processes such as cytokine secretion (364). In a similar fashion, the MTT
assay here confirmed the pilus proteins triggering murine macrophage activation, with cellular
exposure to pilus subunits resulting in increased absorbance and therefore greater metabolic
activity, compared to untreated cells (Figure 6.1). This heightened absorbance was on par with
measurements from cells receiving the lymphocytic ConA mitogen, emphasising the high
capacity of the pilus proteins to induce macrophage activation (365). It can be noted the
macrophages not exposed to the pilus protein stimulants or positive control ConA still exhibited
fairly high baseline activity. This was expected as all cells will have some level of metabolic
activity to fulfil biological functions and this property has in fact made MTT assays a

convenient way to gauge viable cell numbers (366).

The MTT assay provided evidence of pilus proteins inducing immune cell activation and it
could be implied that the enhanced metabolic activity of the cells was indicative of increased
activity of immunomodulatory pathways, stipulating the adjuvanting properties of pilus. This

ramification was directly addressed via cytokine and co-stimulatory molecule measurements.

Simultaneous testing of multiple cytokines was required to understand the type of T cell
response to the pilus proteins. T cells differentiate into variable effector Th types based on the
surrounding cytokine milieu and are then able to exert distinct influences on the adaptive
immune response (367,368). For example, IFNy is key for the polarisation of T cells towards
effector Thl cells, which propel cell-mediated immunity towards intracellular pathogens
(369,370). IL-4 and IL-10 on the other hand, drive differentiation into effector Th2 cells, which
provide antibody facilitated defence against extracellular pathogens (361,362). IL-6 drives the
maturation of T cells into the more recently defined Tfh cells, which are crucial for the
generation of effective long-term protective antibody responses against pathogens. This is
achieved through the ability of Tfh cells to mediate activation of high-affinity antibody
producing B cells and memory B cells (139-141). Conversely, some cytokines such as TNF
are associated with several Th phenotypes, depending on the combination of cytokines that are

simultaneously present (371,372). There are additional subsets of Th cells which also
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experience cytokine driven differentiation such as the IL-17 secreting Th17 cells (369). An
effective vaccine adjuvant should therefore induce a cytokine environment which favours
differentiation of T cells into a Th cell subset which can mediate protection against the target
pathogen. Consequently, a Luminex assay covering the detection of cytokines associated with
variable effector Th profiles was employed in this chapter, to gain some insight into the T cell

driven adaptive immune response induced by the pilus proteins.

The conspicuous BP and AP1 driven release of TNF from the murine macrophages detected
by the Luminex assay (Figure 6.2A) was in line with the ELISA results seen previously (206).
The ability of pilus protein to induce TNF secretion highlights the potential adjuvanting
properties of the pilus as this cytokine directly and indirectly modulates adaptive immune cells
in a variety of ways (373). TNF release from innate immune cells results in maturation of that
particular cell population via a feedback system, while also triggering maturation of other
APCs in proximity. This results in enhanced T cell activation as it increases APC expression
of T cell co-stimulation molecules such as CD86 (374). Additionally, this cytokine can interact
with T cells directly via tumour necrosis factor receptor 2 (TNFR2) to augment T cell
proliferation and sustain cell survival (375,376). The influence of TNF on T cell activity has
been confirmed with TNF knock-out mice displaying reduced DC maturation and T cell
response, as well as heightened T cell activation achieved in cell lines supplemented with the
cytokine (338,377). Additionally, TNF has been demonstrated to elevate antibody production
by increasing the level of activated T cells required for proliferation and differentiation of
antigen specific B cells (378). TNF has also been reported to induce DC secretion of B cell
activating factor (BAFF), which is a potent enhancer of B cell maturation, proliferation and
immunoglobulin production (379,380). Furthermore, TNF is able to induce expression of
endothelial adhesion molecules and stimulates chemotaxis to direct the migration of antigen-
specific lymphocytes and APCs to the sites were antigens are present (381,382). Conversely
the TNF mediated enhancement of migration can result in the translocation of APCs to the
draining lymph nodes, where they are able to stimulate naive adaptive immune cells (383,384).
The pilus protein triggered release of TNF from innate immune cells is predicted to modulate

the adaptive immune cells through such pathways to drive antibody production.

The adjuvanting potential of the pilus proteins was also suggested by their ability to upregulate

IL-6 secretion in the murine macrophages (Figure 6.2B). IL-6 is a prominent pro-inflammatory
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cytokine alongside TNF with a role in many different signalling pathways. Akin to TNF, IL-6
upregulates the expression of adhesion molecules to facilitate migration of immune cells (385).
Moreover, analysis of I1L-6 knockout mice has identified the necessity of IL-6 for T cell
recruitment, with the cytokine triggering the expression of T cell attracting chemokines such
as CCL4 (386). As mentioned above, another important caveat of this cytokine is its association
with Tfh cell expansion (141). IL-6 has been observed to be essential for initiation of T cell
differentiation into the Tfh lineage, with naive CD4 T cells exposed to the cytokine found to
upregulate the transcription factor responsible for Tfh cell specific gene expression (142,286).
Contrarily, T cell maturation into Thl cells was inhibited in the presence of IL-6, with the
cytokine supressing IL-12 driven Th1 differentiation (387,388). The ability of pilus proteins to
upregulate IL-6 is hence beneficial as the release of this cytokine can have the potential to shift
the adaptive immune response towards Tfh cell expansion, in turn elevating the selection and
maturation of B cells producing high affinity antibodies. This may be compounded by the
ability of IL-6 to directly promote differentiation of B cells into antibody producing plasma

cells, as illuminated in mice models (389) .

Pilus protein induced secretion of IL-2, IL-4, IL-10, IL-17 and IFNy were not captured in this
assay. As IL-2 is indicated to be a potent inhibitor of Tfh cell differentiation, its absence
suggests that the pilus proteins do not trigger substantial cytokine driven negative regulation
of Tth cell activity (390). However, as innate immune cell synthesis of IL-2 occurs in small
amounts, pilus protein induced cytokine release from adaptive immune cells should be studied
before this conclusion is drawn (391). IL-4, which is synonymous with T cell differentiation
into effector Th2 cells and antagonises TNF mediated dendritic cell stimulation, was also not
detected (367,392). Similarly, 1L-10 is an effector Th2 cell associated cytokine that has been
observed to become upregulated following activation of TLRs including TLR2, which the pilus
proteins have specificity for (206,393). However, this cytokine was also not detected following
exposure of cells to pilus proteins. This is likely attributed to the cytokine being immune-
inhibitory in nature, opposing the potently inflammatory properties of the pilus subunits (394).
The apparent lack of IL-10 and IL-4 secretion measured following cellular exposure to pilus
proteins could be regarded in a positive light as it is an indication that the adjuvanting properties
of the pilus complexes are not self-limiting. IFNy, which facilitates effector Thl cell
differentiation, was additionally not seen at levels above the limit of detection. IL-17

expression also did not appear to be promoted by the pilus proteins. This was not a cause of
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major concern as the immunomodulatory properties of this cytokine, such as promotion of
lymphocyte chemotaxis expression and B proliferation, were redundant and attainable through
IL-6/TNF (379,381,395,396). Furthermore, as an overabundance of IL-17 has been implicated
in autoimmune diseases such as rheumatoid arthritis, the lack of IL-17 induction by this
potential adjuvant decreases associated safety concerns (397). It should also be noted that the
cellular production of some cytokines in the panel, namely IL-4, IL-17 and IFNy, has been
illustrated to be more commonly associated with lymphocytes (398-400). This may have
compounded to the lack of detectable levels of these cytokines in this assay, which utilised a

cell line of the macrophage lineage.

The Luminex assay illuminated pili induced release of TNF, which enhances overall adaptive
immune cell activity and IL-6, a cytokine heavily involved in differentiation of T cells into the
Tfh subset. Th2 differentiation inducing IL-4 and IL-10, Th1l associated IFNy and the Tfh
inhibitory IL-2 was not detected in this assay. This suggests that pilus induced cytokine release
may skew T cell differentiation towards Tfh cells over other effector Th cell phenotypes.
Consequently, pili may possess the ability to enhance long lived humoral responses by
regulating the activity of T cells which support robust B cell antibody production. Increased T
cell differentiation towards the Tfh cell lineage has previously been depicted to occur
downstream of TLR2 activation (285,401). Therefore, the outcome of this cytokine assay aligns

with the preceding chapter depicting the capacity of the pilus proteins to stimulate TLR2.

As the panel of cytokines tested here was not exhaustive, a larger array would be required to
cement the proposed cytokine profile induced by the pilus proteins and its effects on T cell
differentiation. Pilus proteins have already been established to trigger secretion of one cytokine
not included in this test, the inflammatory IL-8, highlighting the benefits of an expanded panel.
Capturing the presence of additional cytokines, such as IL-21, which is another signal
instrumental in Tfh cell maturation, would also help solidify the current proposed capacity of

pilus proteins to polarise T cells towards differentiating into the Tfh subtype (402).

An alternative method for exploring pilus protein transduced adaptive immune cell modulation
came from flow cytometry assays, where the upregulation of the co-stimulatory molecules
CD80, CD86, F4/80 and antigen presenting MHCII on murine macrophages was measured
following exposure to pilus subunits. F4/80 has widely been used as a marker of murine

macrophages and expression level is related to the physiological state of the cell, where
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increased display of the molecule can be interpreted as elevated cell activation and progression
towards a matured state (403). As depicted in Figure 6.3B, incubation of murine macrophages
with BP resulted in a significant, nearly 6-fold increase in F4/80 expression compared to
unstimulated cells. This highlighted the ability of BP to drive macrophage activation and
mirrored the outcome of the MTT assay. Exposure of macrophages to AP1 did not result in a
change to F4/80 upregulation deemed statistically significant. However, as MFI values
indicated close to 4-fold higher F4/80 expression in these cells compared to untreated cells and
as the MTT assay depicted significant changes to metabolic activity following macrophage
exposure to AP1, it is plausible to assume this pilus subunit also yields the ability to initiate

macrophage maturation.

Two distinct signals from APCs are required for T cell activation and proliferation. The first is
the presentation of antigens to the T cell receptor (TCR) via MHCII, which immobilises
peptides for effective display. MHCII and TCR interactions occur in parallel to CD80 and
CD86 interacting with CD28 on T cells to transduce a second signal and the combined effect
is the activation, expansion and differentiation of T cells, which are then able to activate
antibody production in B cells (404,405). MHCII presentation of antigens is a key component
of T cell activation, with impairment to MHCII expression markedly reducing the population
of developed T cells (406,407). Furthermore, the importance of the tandem effect of APC
CD80 and CD86 expression can be seen in cellular CD80/CD86 blockade models, where T cell
activation and associated cytokine upregulation was diminished (405,408). Deletion of these
co-stimulation molecules was also found to significantly impair antibody response (409).
Preceding results illustrated pilus protein driven cell activation and the pilus dependent
secretion of cytokines associated with upregulation of CD86 and CD80. Aligned with these
findings, the flow cytometry assay revealed both BP and AP1 stimulating over 2-fold higher
CD86 expression and 3.1- and 6.4-fold higher CD80 expression, respectively. CD86 and CD80
expression is downstream of TLR activation, so this result is also in line with the narrative

established in previous chapters of pilus proteins being TLR2 agonists (410,411).

MHCII is also under the regulation of TLR signalling pathways, with activation of the receptors
promoting loading of endocytosed or phagocytosed antigens onto MHCII and redistribution of
the molecules to the cell surface (412,413). Furthermore, MHCII biosynthesis has been shown

to become transiently upregulated in response to cell activation, a process which was
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demonstrated in prior assays (414,415). Thus it was anticipated that the TLR2 agonist pilus
proteins would upregulate the expression of MHCII on murine macrophages. However, as
portrayed in Figure 6.3B, flow cytometry following incubation of mouse macrophages with the
pilus proteins was not able to capture a significant increase in the upregulation of MHCII.
Despite the MFI of pilus treated cells being similar to the positive control cells, the 1.6-fold
shift in MFI between unstimulated cells and cells exposed to pilus proteins was not deemed to
be statistically significant. The abundant evidence of macrophage activation/maturation seen
across the J774A.2 cell line assays and the fact that MHCII shares induction pathways with
CD86 and CD80, suggests that it is conceivable that pilus mediated MHCII upregulation
occurred but was not successfully captured by the flow cytometry assay. It should be noted that
prior to testing pilus stimulated macrophages on the flow cytometer, each of the antibodies
used was titrated to determine optimal working concentrations. At this point, the antibodies
against MHCII was noted to generate a markedly lower signal than the other antibodies, with
up to 80-times more antibody required to get similar fluorescence intensity as the other labels.
The differences in MHCII expression between treatment groups as reported by MFI may thus
have lacked statistical power due to the seemingly subordinate labelling efficiency of the
antibody used. In fact, the difference in MFI between unstimulated cells and positive control
treated cells following labelling with MHCII antibody was also not statistically significant, an
outcome which diverges from the results of the positive control group for the other three co-
stimulatory molecules (Figure 6.3). A repeat of the flow cytometry assay using different
antibodies against MHCII, possibly including ones binding to different MHCII variants, may
assist in defining statistically powerful changes in MHCII expression following treatment with
the pilus proteins. The inability of this assay to successfully illustrate strong MHCII expression
may have been compounded by suboptimal cell environmental conditions. For instance, IFNy
is a primary signaling cytokine for induction of MHCII expression on macrophages. The
presence of this cytokine has been found to establish a positive feedback loop in vivo, where
IFNy directed MHCII expression on macrophages allows the cells to interact with T cells,
which in turn are stimulated to produce more IFNy to further upregulate MHCII expression
(416,417). As evident by the Luminex assay, IFNy was not secreted by the J774A.2 cells
following incubation with pilus proteins and as macrophage cells were investigated isolated
from adaptive immune cells, there was little leeway for the establishment of a feedback loop

to increase MHCII expression. Nonetheless, the ability of the pilus proteins to establish
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increased expression of co-stimulatory factors on APCs necessary for proliferative adaptive

immune cell response alluded to the adjuvanting potential of the pili.

The preceding assays demonstrated the ability of the pilus proteins to enhance APC derived
adaptive immune cell immunomodulation factors and hinted at the pili having the potential to
create an environment where the adaptive immune response is skewed towards the high
antibody producing Tfh phenotype. The projected downstream culmination of these
observations is enhanced antigen specific antibody production, and thus immunisation studies

were carried out using the pilus protein-M2e fusion peptides generated in Chapter 5.

A pilot immunisation round using His-AP1-M2e and GST-BP-M2e assisted in establishing a
vaccination protocol prior to the expansion of the mouse immunisation model to include all
fusion proteins and controls. Although the wax moth larvae experiments in Chapter 3 indicated
that pilus protein mediated inflammation was not likely to cause adverse effects, there was still
some concerns surrounding the effects of this potent ligand in @ mammalian model. These
concerns were fuelled by reports of inclusion of TLR agonists in murine intranasal flu vaccines
causing atypical immune responses associated with toxicity (418). Across all vaccination
groups, mice were not recorded experiencing behavioural or weight changes following
immunisation. The sustained health of all mice involved in the pilot study throughout the course
of immunisations provided assurance that the pilus proteins were inflammatory but did not

elicit adverse health effects.

Casting attention to the pilus antibody responses to His-AP1-M2e (Figure 6.4A), mice
immunised with recombinant AP1 had similar 1gG and IgA responses compared to mice
administered His-AP1-M2e at equal dosages. This provided some affirmation that the pilus
protein interaction with immune cells was maintained in the fusion protein. Antithetical to His-
AP1-M2e, mice immunised with GST-BP-M2e had more pronounced antibody response
compared to mice immunised with recombinant BP (Figure 6.4B). This appears to highlight
BP having a higher adjuvant activity than AP1 when incorporated into a fusion protein
conjugated to antigen. One reason for this discrepancy in antibody response could be due to
variability in the efficiency of uptake by APCs. For example, the BP based fusion protein may
have a higher tendency to form aggregates, which appear to enhance APC uptake (419). The
GST tag on the BP based fusion protein may have increased the likelihood of this occurrence,

due to its ability to form dimers (420).
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M2e antibody response was ascertained in both GST-BP-M2e and His-AP1-M2e immunised
mice (Figure 6.4A, B). M2e antibody response was lower overall compared to response
towards pilus proteins, reflecting their intrinsic difference in immunogenicity. While there was
some variance in antibody responses, the highest 50 pg dosage appeared to elicit a detectable
response across samples. As this dosage also did not induce any eminent health effects, it was

selected as the vaccination concentration for the full immunisation panel (Figure 6.4).

The full vaccine panel allowed immunisation with the three different pilus protein-M2e fusion
complexes to be compared with M2e alone and M2e supplemented with the established poly
I.C adjuvant. Focusing first on the mucosal IgA response (Figure 6.5A), only one mouse in the
M2e only immunisation group had antibody titres above the cut-off, re-emphasising the poorly
immunogenic nature of this antigen. In contrast, though not dramatic, all three fusion proteins
(GST-M2e-BP, GST-BP-M2e and His-AP1-M2e) induced enhancement of M2e specific IgA
antibodies. This was backed by statistical analysis, which indicated that median titres were

higher compared to that of the group administered M2e alone.

GST-M2e-BP invoked the most noticeable levels of M2e IgA titres in the mice, with the end
point titre statistically significantly higher than mice immunised with M2e in combination with
the widely used poly I:C adjuvant. Thus GST-M2e-BP appeared to possess higher
immunogenicity compared to His-AP1-M2e and GST-BP-M2e, despite the latter protein
consisting of the same peptide components. The cause for this discrepancy may lie in the
differing configurations between the two fusion proteins. As discussed previously, the
conjugation of proteins without a linker can reduce the degrees of freedom of a protein and
incite steric hindrance. Such disruption may have been more substantial when M2e was
conjugated at the C terminus and resulted in impaired adjuvanting ability of pilus proteins
(317,332,333). Furthermore, the GST-M2e-BP structure sandwiches the M2e peptide between
BP and the GST tag, which may have resulted in M2e remaining intact and attached to the
immunostimulatory BP subunit for longer periods. In contrast, M2e in GST-BP-M2e and His-
AP1-M2e is exposed at the end of the protein complex. Thus it may have been more susceptible
to degradation and separation from the immunostimulatory pilus subunit. The peptide may have
also been more liable to exoprotease driven cleavage, as these enzymes attack terminal amino
acids (421).
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While pilus proteins elevated antibody response towards Mz2e, the ensuing titres were
conservative and there appears to be room for improvement of the adjuvant activity. One
characteristic of the pilus subunits which may need to be considered is the fact that there will
be an adjuvant specific antibody response to the proteins, which may interfere with the antigen-
specific antibody responses. This has been observed in other adjuvants such as flagellin, where
the adjuvant moderately induced antigen specific antibody levels to a low immunogenicity
antigen but not to the anticipated magnitude. This was linked to the adjuvant antibody response
outcompeting the immune response to the antigen (422). The balance between immunogenicity
and adjuvanticity of flagellin has played a large role in the development of the protein as an
adjuvant, with focused efforts to truncate the protein to reduce flagellin-specific antibody
responses and skew activity towards adjuvanticity (423-425). In the context of mucosal
adjuvants, when utilised as an adjuvant for HIV protein, recombinant flagellin with deleted
domains was shown to elicit higher HIV protein specific mucosal antibody levels compared to
wild type protein (426). Thus similar modifications to the pilus proteins may be the next step

in developing the structures as vaccine adjuvants.

The primary target for intranasally administered vaccines is the nasal-associated lymphoid
tissues (NALT) (427). In the NALT, APCs can present antigens to T cells which induce B cell
differentiation into IgA secreting plasma cells in the presence of cytokines/ co-stimulatory
factors (427,428). These plasma cells can secrete IgA which can be transported back to the
vaccination site and in parallel, the cells can also migrate throughout the mucosa of the
respiratory tract to induce further IgA response (427,428). In parallel to this localised response,
antigen carrying APCs can migrate to regional lymph nodes and activate adaptive immune cells
to translocate into the bloodstream and induce serum IgG response (428-430). Antigens can
also diffuse through the nasal mucosa directly into the bloodstream to interact with circulating
adaptive immune cells and trigger 1gG production (431). In this vaccination schedule, serum
1gG response elicited through such processes was not reported in the fusion protein immunised
mice (Figure 6.5B), indicating that the conjugated protein complexes appeared to be effective
in eliciting an immediate local mucosal immune response but did not seem to stimulate a

systemic response upon direct or APC mediated transportation from the mucosa.

Despite there being other reported cases of mucosal immunisation resulting in a IgA response

in the mucosa without evidence of substantial 1gG generation or considerably lower 1gG
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production, the cause of this response profile was not concretely defined (432,433). One
possible theory arising from such studies was the rate of mucociliary clearance effecting
antibody production (433,434). It was observed that substantial mucosal IgA was induced even
in rapidly cleared immunisations but prolonged residence of vaccines in the mucosa was
required for 1gG production on par with intra-muscularly administered vaccines (433,434).
Thus fusion proteins may have had relatively faster clearance from the immunisation sites
compared to poly I:C+M2e, a theory especially likely considering studies signifying the
potential of poly I:C to disrupt respiratory clearance mechanisms (435). Reducing the size of
the fusion proteins could circumnavigate extensive mucociliary clearance by improving the
rate of absorption so that the vaccine passes through the nasal mucosa before it can be cleared
(436).

Additionally, the pilus proteins are likely to not be as stable of an adjuvant as poly I:C. Whilst
fusion proteins may have remained relativity intact during induction of localised mucosal
responses, large amounts of the complexes may have become degraded by the time they
became disseminated throughout the immune system. Breakage could have occurred at the
TLR2 interacting domain during translocation from the nasal cavity, reducing the level of
immunostimulation conferred. Furthermore, degradation resulting in separation of the M2e
antigen from the pilus protein would abolish the state of synergy achieved by co-delivery of
antigen and adjuvant to the same cell, where the adjuvant amplifies cell activation and antigen
uptake, which in turn increases the availability of adjuvant recognising receptors (300,307). As
alluded to above, terminally conjugated M2e would be especially prone to degradation. As the
entire M2e amino acid sequence constitutes a single T cell epitope, even partial degradation of
M2e can result in a low serum antibody response to the peptide (357). The lack of serum IgG
elicited by the fusion proteins including GST-M2e-BP suggests sandwiching of the peptide
may not have been sufficient to entirely protect M2e from degradation throughout the protein

dissemination process.

The low IgG antibody response against M2e recorded in the fusion protein immunised mice
prompted an investigation into the pilus specific serum 1gG response in these cohorts. As
illustrated in Figure 6.6, mice administered His-AP1-M2e had high antibody titres against AP1
and the immunisation cohorts receiving GST-BP-M2e and GST-M2e-BP generated high titres
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of antibodies against BP. These observations appear to illustrate a strong antibody response

against the pilus proteins overwhelming M2e specific antibody responses in the sera.

As described above, protein based adjuvants can suffer from the drawback of inducing
adjuvant-specific antibody responses. The serum samples indicate an especially strong
dominance of adjuvant specific response, with antibody production being entirely skewed
towards the pilus proteins. The degradation of fusion proteins during trafficking from the nasal
cavity could have compounded to this immunodominance in the serum. Pilus proteins contain
multiple epitopes and thus compared to M2e, are more likely to continue to display intact
epitopes subsequent to breakage. Additionally, antibody production may also have been
directed to the respective tags on each fusion protein, which are more stable structures. The
tags may have provided another additional epitope that antibody production could be directed
towards instead of the M2e peptide, resulting in further divergence of the immune response
from M2e specific antibody production. Of note, many immunisation studies using protein-
derived adjuvants have reported the occurrence of “immune imprinting”, where the presence
of dominant epitopes results in the immune response towards booster vaccinations becoming
heavily directed towards these epitopes (437). This phenomenon also seems to have occurred
on a global scale during the circulation and use of successive variants of COVID-19 vaccines
(437). As the vaccination schedule for the pilus protein-M2e fusion peptides consisted of
consecutive booster immunisations, “immune imprinting” may have amplified the dominance

of non M2e antibodies in the sera.

As touched on previously, mucosal IgA production is crucial for providing protection against
influenza (352—-354). Protection conferred from local 1gA in fact, appears to be as important or
more than the effects of serum IgG. For instance, nasal murine influenza infections models
indicated that IgA but not IgG successfully prevented viral pathology in the upper respiratory
tract, and transfer of nasal IgA to naive mice has been demonstrated to be sufficient for
protection against infection (438,439). Furthermore, local IgA was found to correlate to
protection in a human challenge study using participants pre-screened for low antibody titres
(440). Therefore, the M2e IgA response elicited by the pilus protein-M2e fusion complexes
alone may provide some level of protection against influenza infection, although re-modelling
of the fusion construct to ensure serum IgG response and a more robust IgA response is still

desirable.
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Parenteral vaccination often does not elicit sufficient localised IgA response due to a lack of
mucosal homing receptors induced on immune cells activated in peripheral lymph nodes
(429,441). Thus, for this immunisation schedule testing pilus protein-M2e fusion complexes,
routes of administration such as subcutaneous injection were not tested. However, it would be
of interest to see the adjuvanting properties of the pilus proteins when delivered parenterally,

where there is often faster drainage to lymph nodes and systemic circulation (442) .

The first portion of this chapter alluded to the pilus proteins enhancing humoral immunity by
demonstrating the upstream immune modulatory pathways elevated by these proteins. The
subsequent mouse immunisation assay gave further weight to the idea that both BP and AP1
pilus subunits operated as adjuvants with the ability to leverage antigen specific IgA production
downstream of these pathways. However, the pilus subunits were not able to enhance the
generation of antigen specific serum IgG antibodies and the enrichment of IgA response was
not as robust as it could be. Further work is required to fully realise and elucidate the

adjuvanting potential of the GAS pilus.
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Chapter 7: Summary and Future Directions

As Group A Streptococcus is a successful human pathogen which exerts a significant health
burden on the global population, the virulence factors supporting the initiation of infection are
of great interest. GAS pili are a key player in this process and thus their functional
characteristics and potential as a vaccine target has been examined. However, the interaction
between GAS pili and innate immune system has been left largely undefined. Prior to this
project, our preliminary probe into the innate immune response towards GAS pili pointed
towards the complex being inflammatory in nature. This raised the question of whether this
property of GAS pili was associated with the presentation of GAS disease, as inflammation
contributes to some of the more severe clinical presentations of GAS infection. Additionally,
the complex appeared to have the ability to induce TLR, a molecule which facilitates immune
potentiating signals and is recognised to act as a bridging mechanism between innate and
adaptive immunity. These observations suggested that the complex may have
immunomodulatory properties that could be exploited in the development of an
immunogenicity increasing adjuvant. Thus the overarching aim of this project was to
characterise the innate immune response to GAS pili to assess the potential of the complex as

a vaccine adjuvant.

7.1 Summary

The inflammatory response to a range of different GAS pilus types was investigated in non-
pathogenic L. lactis surrogate strains each expressing a different FCT-type pilus. In vitro assays
using monocytic cell lines indicated all pilus types inducing a cytokine response and
highlighted the particular strong cytokine secretion elicited by the FCT-1 type pilus derived
from M6 GAS (PilM6). This divergence in inflammatory response was not surprising
considering the variation in both gene sequence and regulation of expression between different
pilus types (26,61,62). The same trend of pilus-mediated immune response could be modeled
in Galleria mellonella larvae, which possess an innate immune system functionally and
anatomically similar to vertebrates (443). PilM6 has distinct properties such as being a strong
proponent of biofilm formation irrespective of cell culture conditions and facilitating this
process through use of the tip subunit as an adhesin, as opposed to pilus-driven auto
aggregation (37,63,79). The high inflammatory response elicited by this structure could
possibly be a result of these properties, which may have increased the tendency for bacterial
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aggregation and enhanced interactions between pili and host immune cells. Further testing of
the L. lactis strain expressing this pilus, such as recording the incidence of biofilm formation,

required to confirm this conjecture.

Both in vitro and in vivo models indicated that the disparities in pilus-induced inflammatory
response did not correlate to the severity of disease associated with the GAS strain from which
the pili were derived from. The most inflammatory PilM6 is produced in a M6T6 serotype
strain which is associated with non-invasive superficial infections (29). Conversely, pili
inducing more subdued immune responses were grouped into FCT-types seen in GAS strains
associated with more invasions infection or post immune sequalae (9). Assays documenting
haemocyte counts and bacterial clearance following administration of the pilus-expressing L.
lactis strains into G. mellonella provided some explanation to this seemingly counterintuitive
result. These experiments illustrated a post-infectious surge in circulating haemocyte density
and decreased bacterial counts recovered from larvae at time points following this surge. It
could be deduced that the presence of pili was stimulating an innate immune
response/inflammation but the resulting influx of haemocytes was able to mount an effective
response to eliminate the bacteria expressing the pili. Therefore, pilus-mediated inflammation
was more likely to promote the clearance of bacterial infections as opposed to driving

disruptive damage contributing to the progression of pathogenesis.

Preliminary results prior to the commencement of this project pointed towards GAS pili having
the ability to stimulate TLR2 (206). A competition assay using the TLR2 antagonist SSL3
provided indirect evidence to substantiate this interaction. The assay indicated that BP and AP1
driven monocyte cytokine secretion decreased with the presence of increasing concentrations
of co-incubated SSL3. SSL3 exerts its inhibitory activity by occupying TLR2 binding sites and
prevents the TLR2 dimerisation required for initiation of the downstream signaling cascades
(259,260,274). Thus the results of the experiment implied that BP and AP1 subunits have
physical interaction with TLR2, which is required for the activation of the receptor. While
bacterial pili/fimbriae from other microorganism have been described as stimulants of TLR2,
the individual pilus proteins did not induce receptor activation unless they were assembled in
an oligomerised macromolecular structure (210,275). Thus the aforementioned assays
provided evidence of GAS pilus being one of the few pili with monomeric subunits that could

individually act as TLR2 agonists.
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An assay utilising HEK-cells individually expressing either TLR2/1 or TLR2/6 provided
further information on the pilus protein interaction with TLR2, exhibiting both BP and AP1
having specificity for TLR2 heterodimerised with TLR6. This was reiterated with a
competition assay using the SSL3 TLR2 antagonist, which demonstrated the subunits
competing with SSL3 for recognition and stimulation of this heterodimeric receptor. The
specificity of pilus proteins for TLR2/6 and their ability to induce the heterodimer is unique as
all of the microbial compounds identified thus far to associate with TLR2 have either been
antagonists, or shown specificity for TLR2/1 (259,279,280).

Pilus protein binding to TLR2 was also directly demonstrated using solid phase or cell based
assays. AP1 was illustrated binding to immobilised monomeric TLR2 in a dose dependent
manner and associated to both TLR2 and TLR2/6 expressed on HEK-cells. On the other hand,
clear binding to immobilised TLR2 monomers or cell surface TLR2 could not be established
for BP, and the association between this pilus protein and TLR2 was only clearly depicted in
the TLR2/TLR6 dimer. This shows that whilst AP1 appears to robustly associate with
monomeric TLR2, BP appears to require dimerisation of TLR2 with TLR6 in order to maintain
stable receptor protein interactions. The lack of association seen in the solid phase and cell
based binding assays is likely due to the washing steps dislodging the weaker interaction
between BP and TLR2 (270,271). An optimised surface plasmon resonance assay may be

required to illustrate the lower affinity interaction between BP and TLR2.

Cloning using pGEX-3C and pPROEX-Htb expression vectors and protein purification using
affinity chromatography and size exclusion chromatography resulted in the successful
expression and purification of four different GAS pilus and influenza A M2e peptide fusion
proteins. These fusion proteins underwent protein integrity testing and functional validation,
with the GST-BP-M2e, GST-M2e-BP and His-AP1-M2e successfully validated and utilised in

downstream assays.

A cell based assay established that exposure of macrophages to pilus proteins increased cellular
metabolic activity. This provided an initial indication of the ability of the proteins to activate
macrophages and propel the process of immune cell maturation, which accounts for
upregulated expression of immunomodulatory molecules. A more detailed analysis of
downstream upregulated factors was undertaken using a multiplex cytokine assay. This

revealed pilus protein inducing the release of TNF, which is involved in enhancing processes
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such as T cell activation and proliferation, APC translocation and secretion of B cell activating
factors (374-376,379-382). The proteins also upregulated IL-6, which provides signals for
lymphocyte migration and drives polarisation of T cells towards the Tfh phenotype associated
with high antibody production (139,385,386,401). These results were indicative of the pilus
proteins stimulating processes related to an intensified humoral response. Staining of
macrophages using fluorescent antibodies also revealed pilus protein mediated upregulation of
CD80 and CD86 ligands. These co-stimulatory receptors operate in concert with MHC class |1
antigen presentation and are essential for T cell activation as well as robust antibody production
(405,408,409).

The immune potentiating properties of pilus were further investigated by immunising mice
intranasally with the pilus-M2e fusion proteins constructed earlier. Whilst mice administered
with only M2e had negligible antibody titres, the mice immunised with GST-BP-M2e, GST-
M2e-BP or His-AP1-M2e had detectable titres of M2e specific IgA antibodies, confirming both
BP and AP1 have the ability to elevate antigen specific antibody production. In general,
conjugation with BP showed a more prominent effect in the elevation of immunogenicity, and
the N-terminal conjugated configuration (GST-M2e-BP) appeared to induce stronger M2e
antibody production compared to C terminal M2e conjugation (GST-BP-M2e). It is possible
that steric hindrance of the pilus protein may have been greater with C terminal conjugation,
resulting in impaired adjuvanting ability of the pilin or reduced M2e recognition (317,332,333).
The sandwiching of M2e peptide between the GST tag and BP may also have reduced
degradation of the antigen, as well as provided protection against exoprotease cleavage and
this was also raised as a possible cause for discrepancy in antibody responses (421). While IgA
responses showed potential of pilus proteins to act as adjuvants, further work around honing
the protein domains included would be needed to improve the immune potentiating ability of

the pilus proteins.

The pilus proteins were unable to enhance the 1gG response, with M2e specific 1gG antibody
levels in mice administrated the fusion proteins below the titre cut-off. This was proposed to
be due to a lack of stability of the small M2e peptide, especially in the fusion proteins with
terminal M2e conjugation. ELISA demonstrated a dominance of pilus protein antibodies in the
serum. This suggested that progression of M2e degradation as the fusion proteins disseminated

from the mucosa could have resulted in antibody response against this antigen becoming
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overpowered by generation of antibodies against the fusion peptide tags and the multi-epitope
pilus proteins.  Additionally, rapid mucociliary clearance of the fusion proteins was
hypothesised to be another contributor to the low 1gG response, with the peptides possibly
removed from the mucosa before they could be translocated for accelerated IgG production
(433,434). This further accentuated the need for changes to the fusion protein construct to fully
exploit the adjuvanting properties of pilus proteins. In the context of protection against
influenza, nasal IgA has been sufficient in mouse models for prevention of infection and
correlated to protection in a human challenge (438-440). Thus the pilus protein induced IgA
response may still provide some protection in the absence of 1gG antibodies. A challenge model

using the fusion proteins could corroborate this idea.

7.2 Significance

The work in this project has started to characterise the interaction between GAS pili and the
host immune system, an avenue of GAS research which has previously not been explored. The
variations in inflammatory and immune responses to different pilus types was showcased and
this project provided the first evidence of GAS pilus proteins being a TLR2 agonists and was

also able to pinpoint the specific heterodimer recognising the structure.

The findings from this project also illustrated the GAS pili increasing the immunomodulatory
potential of innate immune cells and suggested that with further development, the GAS pili
have the potential to be developed into an adjuvant. The inclusion of an adjuvant in vaccine
formulations has become increasingly important in recent years due to greater emphasis on the
development of subunit vaccines (444). As these vaccines rely on the capacity of one or a select
panel of defined antigens, there is often a much more subdued immune response compared to
traditional vaccines consisting of entire pathogens which display the full library of intrinsic

innate immune stimulating cell surface components (445).

There is currently high interest in producing adjuvants derived from immune potentiating
molecules with the ability to target TLRs, such as the GAS pili. As the pathways through which
TLR activation can result in enhanced adaptive immune response have been mapped, the
mechanism in which these adjuvants work is more defined then traditional adjuvants. Although
studies have been conducted on defining and utilising the adjuvanting ability of TLR2 agonists,

these experiments have all been pre-clinical (446). Thus there is still a vacuum in the space of
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TLR2 based adjuvants, which could be filled by the GAS pilus proteins. This project depicted
the ability of individual GAS pilus subunits to act as fully proteinaceous TLR2 agonists. In
contrast, other TLR2 agonists interact with the receptor via surface lipid moieties, instead of
the protein structure itself. Thus when utilising the pilus proteins as adjuvants, there is no
requirement for lipid moiety synthesis and coupling, which can further complicate the

production process and inflate costs related to manufacturing.

Disparate to many of the TLR adjuvants currently being refined, this project appeared to
indicate that GAS pili may encourage the expansion of Tfh cells. This makes the proteins an
especially promising vaccine adjuvant as Tfh cells have potent B cell supporting ability,
facilitating the formation of memory B cells and B cell production of protective antibodies
(142). In fact, studies on vaccine derived humoral immunity, such as investigations into the
Astra-Zeneca COVID vaccine, have demonstrated that neutralizing antibodies and vaccine-
reactive memory B cells are nominal in the absence of Tfh cells (447). Due to the complexity
of T cell differentiation in vivo, further cytokine panels and cellular characterisation assays
would assist in confirming the suggestion drawn from this project that the pilus proteins induce

a cytokine environment which skews T cells towards the Tth cell type.

Of note, the downstream effects of TLR2 have been observed to become altered depending on
whether it heterodimerises with TLR1 or TLR6 (448). The GAS pilus proteins AP1 and BP are
TLR2 agonists signaling through the TLR2/6 heterodimer in particular. Compared to TLR2/1,
activation of this heterodimer appears to induce the upregulation of more cytokine types
associated with skewing of the immune response towards expanding Tfh cell activity, such as
IL-6 and IL-21 (367,449,450). Thus GAS pili may be a TLR2 based agonist notably suited to
instill a strong antibody based immune response. TLR agonists which mediate Th2 cell
expansion, such as the TLR5 ligand flagellin, have had high interest in the space of adjuvant
design as these effector T cells have also been implicated in enhanced antibody production
(304). However, skewing of the immune system towards cytokine patterns favouring Th2
differentiation and the effector Th2 cell driven formation of IgE antibodies against vaccine
antigens has been found to promote allergy in pre-disposed populations (451,452). As Tth cells
are not associated with allergic pathology, a TLR agonist which promotes expansion of this

effector T cell phenotype, such as GAS pili, may be a safer potential adjuvant.
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Furthermore, in the case of flagellin, issues may also arise when administering this complex as
part of a vaccine due to its highly inflammatory nature (165). On the contrary, despite pili being
potent innate immune inducers, this project has demonstrated that pilus-mediated inflammation
did not appear to contribute to disruptive damage and thus the complex could be used to

galvanise the immune system with low risk of causing damage to the recipient (252).

The need for investigating new adjuvants is also highly relevant in the design of mucosal
vaccines. There has been heightened interest in mucosal vaccination as it offers the option of
triggering protective immune responses directly at the site of initial pathogen colonisation, thus
curtailing establishment of infection (453). However, the mucosa is constantly exposed to
antigens through inhalation and ingestion and is thus inherently less immunogenic to prevent
hyperactivity, resulting in the necessity of adjuvants when delivering a vaccine to the mucosal
immune system (454). However, adjuvants generated for parenteral administration may not
always translate to effective mucosal adjuvants and compounds may have to be designed
separately for use in the mucosa. For example, despite its commercialization and widespread
use as a delivery adjuvant, alum is not suited for oral or intranasal immunisation due to its
properties of forming antigenic deposits at the site of administration and poor mucosal
immunogenicity (455). The most chronicled mucosal adjuvants are the B subunit of bacterial
ADP-ribosylating enterotoxins, which includes compounds such as cholera toxins. These
molecules induce TLR independent signaling pathways in APCs to amplify downstream
adaptive immune cell modulators and have also been demonstrated to enhance permeability of
epithelium for antigen translocation (358,456-458). However, the high risk of these toxins to
induce dire side effects has posed a roadblock in the standardisation of the compounds into
adjuvants (358,359). Chitosan is another notable mucosal adjuvant, consisting of a biopolymer
derived from crustacean shell, which can be used as an antigen transport system. This adjuvant
improves transport of antigens through the epithelium and reduces mucociliary facilitated
vaccine clearance by inducing translocation of cellular tight junctions (459). However, research
on this adjuvant is still in the preclinical phases and the variability in deacetylation and
molecular weight of chitosan molecules, due to its derivation from organic shell material,

creates difficulties in standardisation of experimental processes (460,461).

In this project, intranasally administered antigen conjugated to GAS pilus proteins showed

some enhancement of mucosal IgA response, indicating that pili could be used as an adjuvant
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administrated through mucosal routes. However, the results from this project seem to indicate
that the pilus subunit requires further modification to avoid the overwhelming antibody
response towards the immunodominant pilus protein, which appears to be detracting from the
enhancement of antigen targeted humoral responses. TLRs are implicated in protective
immunity across different mucosal sites such as the upper respiratory tract, cervix and the
gastric tract. Furthermore, the receptor is present on both professional immune cells and
epithelial cells lining these mucosal surfaces (462—464). Thus with further development, a TLR
agonist such as GAS pili is likely to be a particularly effective amplifier of immunogenicity in
the mucosa, where there is substantial TLR expression. On top of this, this project demonstrated
that GAS pili are not likely to conflict significant damage to host cells or proteins and thus may
have an improved safety profile compared to bacterial enterotoxin based adjuvants (358,359).
Also, the pilus based adjuvanting system in this project was protein based and did not require
any chemical conjugation. Thus the complex was able to be successfully produced using
bacterial expression systems. This process could be scaled up for mass production whilst
ensuring the compound is not subjected to issues in product variability such as seen in the

mucosal adjuvant chitosan (461).

It should be noted that whole assembled pili and the backbone subunits are currently being
explored as vaccines against GAS (223,253). GAS pili have also been repurposed as an
experimental vaccine delivery platform, where antigens are engineered to be incorporated into
the backbone subunits (96,97). The immune modulating activity of GAS pili explored in this
project further strengthens its position as a vaccine candidate against GAS, as it suggests that
the pili have high immunogenicity without the addition of extrinsic adjuvants and may function
as a self-contained vaccine formulation. Furthermore, the findings propound the effectiveness
of pili as a vaccine delivery platform, as they are indicative of the delivery mechanism having
the dual effect of stabilising peptides via incorporation into the pilus structure and acting as
immune potentiator. This may be compounded by the adhesive properties of the pilus proteins,

which may assist in antigen retention, a feature especially useful for mucosal vaccines.

7.3 Conclusion and Future Perspectives

This project unravelled many aspects of the interaction between GAS pili and innate immune

cells and detailed the immunomodulation capacity of these structures. These results suggest
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refinement and continuous exploration into the adjuvanting capability of this structure and the

further investigation into its interaction with components of the immune system.

This research demonstrated the usefulness of using G. mellonella to assist in depicting the
inflammatory properties of GAS pili. With the expanding utility and increasing genomic
information of this alternative infection model, it can be expected that additional knowledge
can be drawn from using the G. mellonella model. In this project, measuring the haemocyte
density helped evaluate the innate immune response towards pili based on the amount of cells
deployed against the PAMP. This information could be further supplemented by identifying
differences in the level of downstream process induced in these recruited innate immune cells.
For example, release of antimicrobial peptides have been shown to be a consequence of innate
immune cell activation in G. mellonella (465). The amount of anti-microbial peptides secreted
in response to different pili could be investigated via proteomic profiling to gain further

understanding of differential innate immune response to pilus types.

This project established the interaction between GAS pili and the important PRR TLR2.
Further investigation is warranted to identify the exact domains in pilus proteins at the interface
of this interaction. This could be done by cloning and expression of the separate domains from
which BP and AP1 are formed and a repeat of the binding/competition assays in this project to
determine the domains contributing to the role of pili as a TLR2 agonist. Surface plasmon
resonance could be re-visited when testing domains as the smaller size test proteins would
allow for the use of a less densely immobilised chip. This would reduce steric hindrance and
non-specific electrostatic binding and could decrease the variability in binding between test
runs which was an issue when using SPR in this project. Determination of the exact TLR2
interaction domain may also be useful when considering the use of GAS pili as an adjuvant.
Conjugation of antigen to the domain responsible for TLR2 stimulation could be avoided to
prevent the antigen introducing steric hindrance that blocks interactions with TLR2.
Furthermore, an adjuvant could be designed to incorporate just the TLR2 recognition domain
instead of using the whole pilus protein. Inclusion of just the interaction domain would likely
decrease the pilus epitopes present and thus reduce the divergence of antibody production away

from the M2e antigen seen in this project.

The cytokine response elicited by pilus proteins was investigated in this project, by measuring

cell supernatant after overnight expression to the complexes. However, cytokine secretion can

166



be a transient process and this assay did not account for the produced, degraded and absorbed
cytokines resulting in the net outcome measured (466). Furthermore, the assay was not able to
differentiate between biologically active and inactive molecules and could only detect specific
cytokines selected for in the panel (467). An experimental procedure analysing gene expression
may provide such information not captured by an assessment of secreted biological protein
present at the time of sample collection. Thus cytokine profiling could be done using RNA
sequencing coupled with predictive modelling of the associated signalling cascades (468). As
pili appear to enhance cell signalling for Tfh expansion, it would be of interest to determine if
additional cytokines associated with this phenotype have upregulated expression. Furthermore,
cytokines observed to have specifically notable secretion downstream of TLR2/6 stimulation
may also be elucidated (469). Cytokine profiles of PBMCs isolated from mice immunised with
the pilus proteins could also provide further insight into the inflammatory response elicited by
the pili and the degree of skewing towards a Tfh cell phenotype. Similarly, pilus-induced co-
stimulatory ligand expression on APCs could be further detailed by recording gene expression.
Alternatively, as MHCII expression was not effectively captured using flow cytometry in this
project, MHCII antibody with stronger fluorescence could be utilised or the current antibody
could be used in tandem with another antibody recognising a different set of MHCII types, to
increase the probability of successfully illustrating the specific MHCII upregulation induced
by pili. Further investigation would be useful for confirming the upregulation of this molecule

as well as surveying other cell surface ligands induced following pilus-interaction with TLR2

This project demonstrated GAS pilus proteins elevating M2e specific IgA antibody production
but not serum 1gG production, following intranasal immunisation. However, the effectiveness
of GAS pilus protein as a parenteral vaccine adjuvant has not been verified. Apart from
evaluating the adjuvanting potential of pilus protein in this more conventional administration
route, this experiment could provide some indication of whether degradation as the fusion
peptides translocate from mucosa to bloodstream is contributing to the low IgG response seen

in the intranasal immunisation assay conducted here.

As suggested prior, a redesign of the pilus protein-M2e fusion peptides will be key for fully
potentiating the immunomodulatory characteristics of GAS pili. Truncation of the pilus
structure will be a major focus, as this will reduce the immunodominance of pilus proteins and

may improve rates of absorption. Pilus proteins consist of 2-3 domains which can be expressed
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individually in recombinant forms; this may be a starting point in producing an improved pilus
based adjuvant. Insertion of the M2e peptide within the pilus subunit structures is another way
the fusion proteins could be modulated. This design may protect the antigen against
degradation and prevent steric hindrance. Proteins with adhesive properties can retain antigen
in mucosa for longer and are thus suitable mucosal vaccine delivery agents. As pili and in
particular the AP1 subunits have adhesive properties, a pilus-antigen fusion protein which
incorporates the adhesive determinant of AP1 and ensures antigen is conjugated at a position
not blocking adhesion, may create an adjuvant which is both immunopotentiating and an
effective delivery system. Thus further re-design of fusion proteins and investigation in
mucosal immunisation models could be directed towards augmenting the potential of GAS pili

specifically for use as a mucosal adjuvant.

Overall, this project portrayed GAS pili as complexes which could induce high levels of
inflammation without propagating damage in the process. Both BP and AP1 subunits of the
investigated GAS pili were ascertained to be TLR2 agonists, with specificity for TLR2
heterodimerised with TLR6. The pilus proteins enhanced the innate immune cells’ ability to
interact with and influence adaptive immune cells and in mucosally immunised mice was found
to enhance the production of antigen-specific antibodies. These findings illuminate the
possibility of exploiting the immune stimulating property of GAS pili in adjuvant development.
At the same time, it highlights the supplementary characterisation of pili, such as determining
the exact PRR recognition domains and modulation of pilus-based adjuvanting systems, such
as making changes to reduce pilus epitope domination, required to fully realise the capacity of

GAS pili as an immune potentiating tool.
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