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Abstract

Group A Streptococcus (GAS) is responsible for superficial infections, systemic
disease, and autoimmune complications globally. Despite extensive research no
commercial GAS vaccine currently exists. The highly abundant, conserved surface
exposed Lancefield Group A Carbohydrate (GAC) is of interest as a vaccine
candidate due to evidence of protective properties of anti-GAC antibodies. However,
for effective vaccines it is necessary to conjugate polysaccharides to protein carriers
to improve immune memory responses. This thesis investigates glycoconjugate
production as an approach for the development of GAS vaccines, comparing
chemical linkage and an E. coli cell based (“biological”’) glycoengineering system as

distinct manufacturing methods.

For chemical conjugation reactions, either wildtype GAC or GAS_Rha (GAC
extracted from mutant Agacl NCTC-8198 strain devoid of autoimmunogenic GIcNAc
epitopes) was enzymatically extracted from GAS cells and conjugated to proteins
using carbodiimide crosslinker chemistry. Biological conjugates were built in E. coli
strain CLM24 (W3110 AlpxM, Awaal) through recombinant polyrhamnose and
protein expression, conjugated by chromosomally encoded Campylobacter jejuni
PgIB oligosaccharyltransferase. Three chemical glycoconjugate vaccines were
successfully generated; GAS protein antigen SpyAD conjugated to GAC as a
‘double hit’ GAS vaccine, and classical carrier protein Tetanus Toxoid (TT)
conjugated to either GAC or GAS_Rha. One biological glycoconjugate vaccine was
also generated with an optimised Streptococcal carrier protein conjugated to

recombinant polyrhamnose.

GAC and protein IgG antibody production was investigated by ELISA after three
subcutaneous immunisations of BALB/c mice with the produced glycoconjugate
vaccines. Anti-GAC antibody responses were significantly elevated in mice
immunised with TT-GAC, but not with SpyAD-GAC, in comparison with the adjuvant
only group. In contrast, the TT-GAS_Rha chemical conjugate and Streptococcus
specific biological conjugate, both containing rhamnose epitopes only, failed to
induce anti-GAC antibody production above baseline. Meanwhile, SpyAD-GAC
produced GAS protein specific opsonic antibodies, inducing significant
opsonophagocytosis of GAS cells demonstrating that SpyAD remains immunogenic
following conjugation. Although both methods successfully generated GAS
glycoconjugates, in this study chemical linkage of wildtype GAC produced a more

robust immune response than rhamnose variants conjugated either chemically or



using PgIB glycoengineering technology. Observations and technological advances
developed in this thesis contribute to optimal GAS specific glycoconjugate vaccine
design and production.
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CHAPTER 1

Introduction

1.1. An.introduction to Group A Streptococcus (GAS)

Streptococci is a heterogenous group composed of over 50 bacterial species, some
part of the normal human microbiota, and others classed as major human
pathogens. From this genus, Streptococcus pyogenes also known as Group A
Streptococcus (GAS) is one of the most important and common pathogens
responsible for significant morbidity and mortality rates globally. GAS are beta-
haemolytic Gram-positive chain forming cocci, adapted for transmission within
humans. GAS is distinguished from other beta-haemolytic streptococci species by
Lancefield serotyping, a classification system based on the unique cell wall
anchored carbohydrate expression®. There are twenty Lancefield groups, A-U,
excluding | and J groupings, with GAS named due to the presence of Group A
Carbohydrate (GAC) on it’s surface?. This differs from other relevant human
pathogenic streptococci belonging to B (S. agalactiae), C (S. equisimilis, S. equi, S.
zooepidemicus, S. dysgalactiae), and G (S. anginosus) groupings due to differences

in monosaccharide composition and chain structure.

1.2. GAS Infections and Disease

GAS infections are responsible for a wide spectrum of disease, typically colonising
throat and skin epithelial surfaces, with the ability to also invade cells resulting in
deep tissue and bloodstream invasive infections. GAS colonisation can lead to a
range of outcomes, from asymptomatic carriage through to severe disease
mediated by not only colonisation and cellular invasion, but also toxin secretion and
host immunological effects. The World Health Organisation (WHO) global disease
burden figures rank GAS as the ninth leading cause of human mortality?, with a
more recent report suggesting GAS is the fifth most lethal pathogen based on

annual mortality?.

1.2.1. Mild Superficial GAS Infections

GAS infections are often mild causing superficial throat and skin infections such as
pharyngitis or impetigo respectively*®. Pharyngitis, also known as Strep Throat, is
often cleared by the host’s immune system within a couple of weeks, or by antibiotic
intervention*. GAS is the most common bacterial cause of pharyngitis, especially in
children aged between 5 and 14° with around 600 million predicted cases per year’.

Although prevalent globally, childhood pharyngitis incidence rates are 5 to 10 times
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higher in low and middle income countries (LMICs) than in high income countries
(HICs)'. Similarly, impetigo is also most prevalent in LMIC children®® as well as in
certain communities in HICs such as Maori and Pacific children in New Zealand?®.
Although not deadly themselves, pharyngitis and impetigo contribute hugely to
morbidity, antibiotic usage, healthcare expenditure, as well as global economic and

productivity losses?!.

1.2.2. Autoimmune GAS Infections

Repeated superficial infections can lead to the development of more serious
autoimmune mediated GAS complications such as Acute Rheumatic Fever
(ARF)!213_ ARF, characterised by heart and joint inflammation, is a major driver of
morbidity and mortality worldwide, particularly when ARF progresses to causes
permanent long-term heart damage through Rheumatic Heart Disease (RHD). RHD
is the most common cause of paediatric heart disease worldwide!4, as well as a
major cause of maternal mortality in LMICs*>*’. RHD is often described as a
systemic disorder of economic disadvantage and social inequality?®,
disproportionally effecting LMIC children particularly within South Asia, central sub-
Saharan Africa”%, as well as indigenous populations in HICs such as Australia®.
Although preventable and almost eliminated from some HICs through effective
antibiotic intervention, RHD remains to cause on average 320,000 deaths annually,

and is responsible for 10.5 million estimated disability-adjusted life years (DALYs)*°.

Repeated GAS infections can also cause Acute Poststreptococcal
Glomerulonephritis (APSGN) through immune complexes depositing on kidney
glomerular membranes leading to oedema, urinary sediment abnormalities, and
hypertension®. Similar to ARF/RHD, APSGN is most prevalent in LMICs, but
outbreaks are often associated with “nephritogenic” GAS isolates®?22® causing
severe morbidity burdens?*%>. Additionally, a less well characterised group of
autoimmune complications following repeated superficial infections are neurological
symptoms such as paediatric autoimmune neuropsychiatric disorders (PANDAS).
Although clinical definitions are disputed, development is thought to be associated

with anti-GAS antibodies recognising various host basal ganglia epitopes®.

1.2.3. Toxin Mediated Disease

GAS infections are also associated with toxin mediated disease, common when
infecting strains secrete high levels of bacteriophage-encoded streptococcal
pyrogenic exotoxins (Spes)???"?8, Toxin mediated disease effects people of all age

groups globally, however, babies less than 1 year of age, people aged over 65, and
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pregnant women are most susceptible?®. Scarlet fever, the most common GAS
toxin-mediated disease, in the 19th and early 20th centuries caused a significant
burden of childhood morbidity and mortality*®-32, Although rates have been steadily
declining over the last 200 years, the United Kingdom, United States and Canada
have all reported increased scarlet fever incidence®*-%, highlighting that toxin
mediated disease remains a significant health problem, even within HICs.

1.2.4. Systemic Infections

Although less common, GAS can also become invasive with a fifth of invasive GAS
(iIGAS) infections presenting as bloodstream infections?*6, Systemic disease is
serious with poor clinical outcomes especially without intervention®-2°. iGAS most
commonly presents as bacteraemia and cellulitis, but can also cause necrotising
fasciitis or Streptococcal Toxic Shock Syndrome (STSS) in response to
superantigen production causing high fever, hypotension, and sometimes
multiorgan failure®°. There has been a global increase in iGAS infections since the
late 1980s*°, and as with all GAS infections, rates of iGAS disease are higher in

LMICs®*-*2 as well as indigenous Australian populations®+5.

Although some GAS related disease is falling or almost irradicated in HICs,
infections persist globally, particularly in LMICs in both communicable and non-
communicable disease forms. High burden and broad disease spectrums, coupled
with increasing incidence rates, demonstrates the global need for an effective GAS

preventative measure such as a vaccine®®.

1.2.5. Asymptomatic Nasopharyngeal Colonisation

Given the broad disease spectrum GAS is not considered a commensal organism.
However, GAS asymptomatic carriage was first described in the human
nasopharynx during disease outbreaks in 1945%, and has more recently been

observed in the throats of asymptomatic school children>8-6°,

Carriage is thought to occur when an individual carries GAS without contributing to
infection®!. The exact rate of carriage in a given population, and the role it plays in
GAS pathogenesis is currently poorly defined, with a number of working hypotheses
often based on observations of different pharyngeal flora between carriers and non-
carriers®?. These include poor GAS clearance from the nasopharynx due to -
lactamase producing pharyngeal flora®2-%, or interactions between organisms which
may have an inhibitory effect on GAS pharyngeal adhesion mechanisms®’. There
are also alternative theories relating to GAS bacteria themselves such as infection

models and tonsil biopsies showing GAS internalisation into epithelial cells surviving
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intracellularly®®"t. GAS may also form biofilms increasing the antibiotic

concentration required for successful killing”>72,

Distinguishing between carriage and infection is important for not only assessing
transmission rates, but also recording GAS related disease, and implementing
preventative measures. This is challenging with one study suggesting 66 — 75% of
ARF individuals do not recall prior pharyngeal infection and may have in fact been
asymptomatic carriers’*’>, This suggests that GAS nasopharynx carriage may still

act as a source and driver of host transmission as well as eventual disease.

1.3. GAS Transmission

GAS is transmitted by direct contact with saliva or nasal secretions from a colonised
person, as well as skin contact following impetigo infection’®”’. GAS maintenance
and transmission is primarily mediated by two tissue sites, with GAS remaining
viable for long periods of time in saliva’® and on the skin”®. GAS carriage makes the
spread of infection and ultimately disease onset difficult to control, especially in
overcrowded communities with poor sanitation®, and close living arrangements such
as military camps'®8%81 |n these instances, person to person transmission is more
likely meaning outbreaks are common, with GAS often described as a community

pathogen.

Larger GAS outbreaks can also occur due to the emergence and dominance of
successful clones with increased transmissibility, and / or acquisition of toxins and
antibiotic resistance determinants improving survival®*4%8283  An example was a
large outbreak of scarlet fever in Hong Kong and mainland China®4-2¢ where the
dominant circulating strains had acquired tetracycline and macrolide resistance, as
well as virulence factors such as streptococcal superantigen (SSA), and
Streptococcal Pyrogenic Exotoxin C (SpeC) improving the isolates ability to induce

toxin mediated disease®*.

1.4. Epidemioloqy of GAS Infections

Despite clinical, epidemiological and laboratory research, no single strain or
serotype has been attributed solely to specific disease. The exact mechanisms and
selective pressures underpinning the broad disease phenotypes are not fully
understood. There are however some general observations, with GAS skin
infections most common in tropical LMICs and throat infections in industrialised
HICs®. However, host genetic susceptibility, population immunity, environmental

factors, and antibiotic access all influence disease progression and severity. This is
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in addition to bacterial factors such as the circulating strains virulence factor

repertoire as discussed in the context of increased scarlet fever incidence®4-26,

1.4.1. GAS Typing

Successful epidemiological studies rely on the accurate characterisation and typing
of GAS strains. In 1928 Dr. Rebecca Lancefield proposed a system to identify and
type GAS isolates using serotype-specific antiserum against the M protein®, as the
immunodominant cell surface antigen and key virulence determinant®®%°, Anti-M
protein antibodies confer host protection and were later shown to be directed
primarily against the hypervariable amine (N) terminal domain (NTD) of the mature
protein. However, in the 1980s following increased iGAS incidence, the
immunological serotype detection method could not successfully type all of the
circulating isolates®-%2, It was discovered that sequencing 10 — 15% of the 5' region
of the emm gene encoding the M protein’s NTD could reliably predict M serotypes®*
%7 Since adopting sequence typing, over 220 variants have been identified

globally®®, stated as "emm types", distinguished from serological "M types".

With such a wide variety of circulating emm types, more recently, strains have been
functionally classified into 48 emm clusters based on the 5 emm sequence®.
Clusters contain strains possessing closely related M proteins which share
similarities in binding and structural properties. For example, one study showed that
out of 175 different emm sequences, 143 emm types had closely related sequences

and function, belonging to just 16 clusters®.

Additionally, to complement and enhance immunological and sequence M typing,
additional GAS characterisation methods have been adopted, specifically T protein
serotyping, and detection of streptococcal serum opacity factor (SOF)%. Currently
there are ~ 20 recognised T types identified based on genes encoding the pili
structure. With only a few exceptions, GAS isolates belonging to the same emm
type often belong to the same T type!®:192 however, this approach is yet to
demonstrate any correlation between T type and specific GAS infection sites®.
Typing can also be performed based on the heterogenous surface exposed and
secreted virulence factor SOF. SOF typing was initially serological based on
neutralising enzymatic activity'®®, but more recently, sequencing of the 5' end of the
sof gene has also been used. Despite this, emm sequencing remains the gold
standard of GAS typing used in epidemiological studies and surveillance of

circulating strains.
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1.4.2. GAS Molecular Epidemiology

Large scale GAS typing has shown epidemiological differences in the geographical
and socioeconomical distribution of emm types!®1%_ Although major infecting emm
types have changed over time!%’, LMICs continue to display higher, more
heterogenous emm type diversity compared to HICs. In HICs most circulating
isolates belong to few emm types, notably 1, 3, 12 and 28, accounting for 40% of
disease®1%-113 and dominating asymptomatic carriage!®. On the contrary, these
emm types are rarely found in LMICs!08114-116 |nterestingly, one study suggested
that GAS isolates can be loosely divided into 3 country groupings; group 1
containing Canada, USA, Mexico, Western Europe, Korea and Japan, group 2
containing Eastern Europe and China, and group 3 containing predominantly
LMICs: Brazil, Ethiopia, Israel, India, Nepal, Fiji in addition to HIC Australia. Group 3
compared to groups 1 and 2 have a higher diversity of emm types, and shared no
predominant emm type between each of the countries within the group®. However,
in some instances, epidemiological information is unavailable or incomplete
meaning full GAS disease burden and association with different geographical
regions is not always fully understood. Additionally, to complicate matters, emm
strain distribution differences can be observed not only globally but within a single
country, such as overcrowded impoverish slums showing higher strain diversity than

wealthier areas in Brazil*'".

Epidemiological patterns can also be observed through the association with certain
M-protein types and particular GAS disease presentations. For example, increased
ARF incidence in the 1980s in the USA was strongly associated with circulating M18
strain!8, and M1 and M3 strains have been responsible for severe iGAS over the
past two decades**. Moreover, M1 has disseminated globally, persisting as one of
the most prevalent and frequently isolated serotypes from both iGAS and
pharyngitis infections®%1%, Additionally, 5 major chromosomal emm gene patterns
have been associated with skin and throat infections. Gene patterns are determined
by the number and arrangement of the emm subfamily genes situated in tandem
near the Multiple Gene Regulator region (Mga)!*°. Generally, A — C chromosomal
patterns relate to GAS isolates which cause pharyngitis, D causing impetigo, and E
causing both pharyngitis and impetigo, with APSGN found among all chromosomal
patterns. Typical M serotypes are also associated with these groups with A/D/E
chromosomal patterns containing the most M types and C containing the least, with

just one M type!t9-121,

21



1.5. GAS Pathogenesis

GAS as a well-adapted versatile pathogen possesses an array of colonisation

factors, escape mechanisms, and survival strategies. GAS pathogenesis
understanding has improved through the publication of a number of GAS
genomes!8122-129 These have identified more than 40 putative virulence-associated
genes, controlled by 13 independent regulatory mechanisms*®. Virulence factor
identification has accelerated understanding of the molecular mechanisms
underpinning pathogenesis, divided into distinct pathogen-host events namely

adhesion and colonisation, immune evasion, and invasive spread.

1.5.1. Adhesion and Colonisation

Prior to disease, GAS must attach to mucosal and / or cutaneous surfaces. GAS
has a number of adhesins to facilitate attachment to the nasopharynx in the tonsil
epithelium and dermal epithelial cells?4. At least 17 adhesins have been identified,
of which lipoteichoic acid (LTA), M protein, and fibronectin binding proteins are the
most characterised®3!. Cell attachment is a complex event, simplified into a two-step
process, specifically bacterial adhesion followed by colonisation, mediated by cell

surface virulence components.

1.5.1.1. The Role of Capsule and Surface Polysaccharide in Host Cell Adhesion
and Colonisation

GAS cell surfaces are multifunctional, being protective by forming a cell barrier, as

well as playing a role in virulence enabling initial attachment to colonise hosts. The

GAS cell surface is composed of a hyaluronic acid (HA) capsule, the Group A

Carbohydrate (GAC), surface exposed proteins covalently linked to the

peptidoglycan layer and LTA (Figure 1.2a).

The HA capsule is a high molecular weight polymer made from N-Acetyl-
Glucosamine (GIcNAc) and glucuronic acid surrounding the peptidoglycan layer.
Unlike other prominent human streptococcal species, for example, Group B
Streptococcus (GBS) and Streptococcus pneumoniae, GAS does not have an
immunogenic exopolysaccharide, with the capsule being immunologically inert. The
HA capsule rather enables host survival**? and immune evasion3313* forming
similar structures to those found in humans®*. GAS strains vary in HA expression,
with encapsulated strains better than non-capsulated strains at host colonisation®?,
High HA expression, however, may not be required for long-term GAS colonisation,
with some strains isolated from asymptomatic individuals possessing a frameshift

mutation resulting in reduced or abolished capsule production?®®.
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Unlike the HA capsule, the expression of GAC is conserved across all GAS strain
cell surfaces™*¥7-14% and is essential to GAS bacterial survival as demonstrated by
plasmid integrational mutagenesis studies**. It provides structural support as an
environmental barrier, as well as playing a role in cell morphology, division#?, and
pathogenesis®*141143  GAC is a conformationally restricted polysaccharide** with
an average polymer molecular mass of 8.9 +/- 1.0 kDa, corresponding to 18
repeating units'*® made up of a linear polyrhamnose backbone with alternating
GIcNAc sidechains with a-L-(1-2>2) and a-L-(1->3) glycosidic linkages at position 3,
with a trisaccharide repeating unit of [3)a-L-Rhap(1->2)[B-D-GlcpNAc(1-> 3)]a-L-
Rhap(1->3)]» (Figure 1.1c)*3*4°, GIcNAc is attached to every other rhamnose
residue extending out to the periphery from the rhamnose helix core#,

All human GAS clinical isolates have GAC containing GIcNAc sidechains, but
following serial passage in mice and rabbits, the GIcNAc sidechain can be lost,
resulting in an “A variant” strain'*’. GIcNAc residues are immunodominant with their
experimental removal resulting in reduced virulence of M1T1 strain in mouse and
rabbit pneumonia infection models!#!. Additionally, the variant strain was more
susceptible to killing by human whole blood and purified human neutrophils due to
greater binding of cationic human defence peptides, specifically cathelicidin LL-37,

to the mutant polysaccharide*!.

Approximately 25 - 30% of GAC GIcNAc residues contain glycerol phosphate
(GroP) madifications, specifically on the C6-hydroxyl group. This polysaccharide
modification has remained elusive for some time, most likely due to harsh acidic
extraction methods used to purify GAC, which can affect polymer composition.
The function of GroP has not been fully characterised, however, it may enable
immune evasion, specifically through resistance to zinc toxicity, a killing mechanism

deployed by neutrophils*°.

GAC polymers are encoded by a conserved 12 gene cluster termed gacA-L (gac
operon)#1-150 (Figure 1.1a). The operon is highly conserved with one study finding
that 2,017 of 2,083 tested GAS genomes had > 70% DNA sequence identity for the
entire 12 gene cluster?>® supporting observations from a smaller dataset'#'. The
latter study, performing a plasmid integrational mutagenesis scan across cluster
showed that the first seven genes (gacA-G) enabling polyrhamnose biosynthesis,
are conserved across other streptococci groups, specifically A, B, C and G2,
These genes and therefore L-Rhamnose substrate availability are essential to GAS

survival**+142 whereas gacl-K genes, implicated in GIcNAc sidechain attachment
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and modification'#!, are believed to not be required for GAS when propagated in
Todd-Heuwitt liquid culture, but results in the loss of GAS latex agglutination

reactivity431%0,

Gene identification and functional enzymatic characterisation has enabled a working
model explaining GAC precursor biosynthesis, assembly, and transport to the
extracellular space (Figure 1.1b). Firstly, GIcNAc is attached to undecaprenyl
phosphate (Und P) by GacO, initiating GAC biosynthesis on the intracellular side of
the cell membrane'®2. Translocation of the first rhamnose residue to the membrane-
bound UndP-GIcNAc in the cell membrane inner leaflet then follows, as a committed
step to GAC biosynthesis, through GacB, a rhamnosyltransferase!®!. From a-
glucose-1-phosphate, free dTDP-L-rhamnose is synthesised by GacA, as a metal-
independent dTDP-4-dehydrorhamnose reductase enzyme, as well as the rmIABC
operon located distally from the GAC operon'#?. GacC, GacF, and GacG
glycosyltransferases then sequentially elongate the polyrhamnose chain®! which
once completed is translocated across the membrane to the extracellular side, by
an ATP-dependent ABC transporter encoded by GacD and GacE functioning as a
heterodimer. The remaining genes are predicted to encode rhamnose chain
modifications on GAS cell surfaces. GacJ, a small membrane associated protein
interacts with Gacl to synthesise free UndP-GIcNAc!®!, which can either diffuse
across the cytoplasmic membrane or alternatively be transported by GacK encoding
a Wzx family flippase enzyme to the extracellular side of the membrane#®. GacL as
a putative glycosyltransferase then attaches UndP-GIcNAc to the polyrhamnose
backbone!*®. This GIcNAc may be subsequently modified by GacH cleaving
phosphatidylglycerol to release and attach glycerol phosphate#°. Once fully
synthesised the final step is for the complete GAC polymers to be transferred and
covalently linked to the peptidoglycan layer via a phosphodiester bond by Lytr-
CpsA-Psr (LCP) enzyme.
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Figure 1.1: The gac operon in GAS produces Group A Carbohydrate (GAC) containing a
polyrhamnose backbone decorated with alternate GIcNAc side chains.

(A) Schematic representation of the gac operon (gacA-L) in GAS. Horizontal arrows represent each
gene designation with colour denoting predicted gene function. Green, polyrhamnose biosynthesis;

blue, GIcNAc biosynthesis. Adapted from Sorge et al*4L.

(B) Schematic diagram of GAC biosynthesis. GAC biosynthesis is initiated on lipid linked GIcNAc
attached to the inner leaflet of the periplasmic membrane for polyrhamnose synthesis catalysed by
rhamnosyltransferase enzymes (GacBCFG). After polymerisation, the polyrhamnose backbone is
flipped to the outer leaflet by an ABC transporter (GacDE complex) before GlcNAc (GacL) and
glycerol phosphates (GacH) are transferred to the polyrhamnose backbone as a sidechain
modification. A LytR-CpsS-Psr (LCP) phosphotransferase protein attaches GAC to peptidoglycan

via a phophodiester bond. Adapted from Rush et al'#°.

(C) GAC trisaccharide repeating unit [3)a-L-Rhap(1->2)[B-D-GlcpNAc(1->3)]a-L-Rhap] constituting
70% wildtype (WT) GAC (i), and 30% glycerol phosphate modified GAC (ii) [3)-a-I-Rhap-(1 — 2)[B-
d-GlcpNAc6P(S)Gro-(1 — 3)]-a-I-Rhap-(1 —3)]. Agacl mutants and certain “A variant” GAS strains
have the repeating structure [3)-a-I-Rhap-( 1 = 2)a-I-Rhap-( 1> 3)-a] deficient in GIcNAc
sidechains (iii). Original figure created with BioRender.com and Chemdraw (RRID:SCR_016768).
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1.5.1.2. The Role of Surface Exposed Proteins in Host Cell Adhesion and
Colonisation
GAS cell surfaces are decorated with many proteins facilitating different functions.
Most proteins are anchored to the cell wall peptidoglycan by sortase enzymes?3-155,
categorised into housekeeping sortase SrtA, attaching proteins via their LPXTG
motif!>3 or the pilus-associated sortases®®®. There are also a small number of lipid-
anchored putative surface proteins!®®. The first step of GAS adhesion is a weak
long-range attachment to pharyngeal or dermal epithelial cells via hydrophobic
interactions. This is primarily mediated by LTA attaching to host cell extracellular
matrix (ECM) component fibronectin to bring GAS in close contact®’ before high
affinity binding occurs via lectin-carbohydrate and protein-protein interactions®8.
There are multiple ECM targets including fibronectin, collagen, laminin and
vitronectin, with multiple GAS surface exposed proteins displaying functional

redundancy, explaining adhesin repertoire and expression strain diversity.

Pili enable cell adhesion as long flexible rods which extend up to 3 um from GAS
cell surfaces®®. They are made up of pilin subunits, which polymerise via
transpeptidation reactions and are decorated with one or more ancillary protein
subunits (Apl / Cpa and AP2), forming mature pilus structures®®-162 T type 1 and 2
pili are most characterised, showing adhesion to a variety of epithelial cells using
fibronectin via the pilus tip'-15, T type 3 pili show differences binding to type |

collagen?®61¢7 ysing the Cpa ancillary protein subunit at the base of the structure®s,

The most abundant and characterised adhesin are M proteins, covering the entire
GAS cell surface through LPXTG attachment to the peptidoglycan layer®(Figure
1.2b). M proteins are dimeric alpha helical, coiled coil, fibrillar proteins which can be
divided into three regions, the amine (N) terminal domain (NTD) distal to the cell
wall extending into the environment?, the conserved carboxylic terminal domain
(CTD) anchored to the cell wall, and the central domain®. The central region can be
further sub-divided into A, B, C and D regions (Figure 1.2b), differing in size and
number in different GAS strains'®®. Region A from the central part along with
approximately 11 amino acids from the NTD constitutes as the hypervariable region
(HVR) forming the basis of the Lancefield serological and emm sequence typing

classification systems as described previously.
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M proteins are multifaceted, aiding bacterial colonisation in the early stages of
infection through high affinity adhesion and persistence!’®, as well as inhibiting
phagocytosis as an immune evasion strategy. Proteins which structurally resemble
M proteins are also present on GAS cell surfaces, encoded by genes belonging to
the emm superfamily. Such M-like proteins are similar to M proteins, enabling host

cell adhesion through LTA interactions, maintaining stability when colonising the

nasopharynx!&171,
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Figure 1.2: GAS cell surface virulence factor repertoire and M protein structure.

(A) Schematic of a GAS cell surface. Hyaluronic acid (HA) capsule in brown, peptidoglycan (cell
wall) in yellow, and cell membrane in red. GAC polysaccharide polymers (blue / green) and surface
exposed proteins (multicoloured) are attached to the cell wall surrounding the cell. Surface bound
and secreted protein function inferred such as cytokine and immunoglobin cleavage and adhesion
to host epithelial cells via ECM components. Boxed structure shows M protein attached to the cell

wall.

(B) Model of a M protein alpha helical dimer. One M protein dimer is in green and the other dimer is
in blue. The NTD and CTD domains and central region (A, B, C and D) are shown.

Original figure created with BioRender.com.

The next most abundant class of surface exposed adhesins recognising ECM
components are those that bind to fibronectin. Fibronectin is the most common and
key host extracellular target due to the affinity between GAS and host integrin
receptors on epithelial cells. GAS possesses at least 11 fibronectin binding
adhesins!’2, PrtF1'"3, also known as Sfbl (Streptococcal Fibronectin Binding

Protein)', is the most characterised adhering to epithelial cells!” as well as dermal
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cellst’®. PrtF2 is another common fibronectin binding protein displaying high affinity
to fibronectin'’’, as well as fibrinogen’”178, Other fibronectin binding adhesins
include PFBPY"°, Fbp5418, and SfbX!®! belonging to one of two families depending

on shared structural motifs82183,

Additionally, there is a different protein family known as collagen-like proteins,
specifically Scll and Scl2 containing Gly-X-X moatifs within a triple-helical elongated
structure!®*, Such proteins contain a globular V domain and are homotrimeric,
extending out from the cell surface using a rod-shaped CL domain to allow host cell
interactions?®4, Scl1 proteins are most characterised, binding to a variety of host
components such as azB: and a11p: integrins on fibroblasts, endothelial, and
epithelial cells to promote cell internalisation!®®1# increasing intracellular survival
and re-emergence!®” 188, Binding to host cell fibronectin and laminin is also possible
with these proteins to facilitate biofilm formation as an immune evasion

strategy!89:1%,

1.5.2. Immune Evasion

GAS dissemination and invasive disease is attributable to avoidance of host
immune clearance mechanisms. GAS possesses a number of virulence factors to
prevent phagocytosis, namely but not exclusive to M proteins, M-like proteins, and
the HA capsule. GAS immune evasion proteins often prevent host complement
mediated attack by binding factor H, a complement control protein involved in
regulation®l. For example, the M protein induces antiphagocytic effects through
factor H binding, interfering with opsonisation via the alternative complement
pathway, through impairing C3b labelling onto GAS surfaces, reducing
polymorphonuclear leucocytes (PML) recognition and bacterial clearance®?.
Excessive HA capsule in highly mucoid strains (e.g. M18 and M24) also enables
effective phagocytosis resistance®?, through HA anionic properties reducing C3b
opsonisation*. Secreted cysteine proteases, such as IdeS (Mac-1 / MspA), also

reduces phagocytosis through binding to PML surfaces via CD16'%.

GAS also avoids host immune responses through proteins which degrade
immunoglobulins to reduce direct and complement mediated opsonisation (Figure
1.2a). M proteins can bind to the Fc part of IgG and IgA immunoglobulins as well as
to C4b directly in a emm type specific fashion via the hypervariable region%-1%, M-
like proteins, such as Mrp and Enn, also carry out antiphagocytic effects by binding
IgG or IgA®’ cooperating with M protein function to interfere with immunoglobulin-

and complement- mediated opsonisation'®. This is in addition to IdeS which can
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degrade IgG antibodies!®®, and other virulence factors such streptococcal inhibitor of
complement (SIC) protein, binding to C5b complexes to prevent terminal

complement membrane attack complex formation?®,

Other surface bound or secreted virulence factors also contribute to immune
evasion strategies by interacting with chemokines and cytokines (Figure 1.2a).
Conserved surface exposed Cha peptidase, a large multi-domain protein,
inactivates C5a complement from PML surfaces, preventing phagocytosis and
complement-mediated chemotaxis?°1292, GAS also secretes Streptococcus
pyogenes Cell-Envelope Proteinase (SpyCEP, ScpC), which cleaves CXC
chemokines such as interleukin (IL) -8 reducing neutrophil recruitment®®?, as well as
secreted cysteine proteases, such as streptococcal pyrogenic exotoxin B (SpeB)
which converts IL-1pB into an active molecule?®4, generating active peptides such as
kinins2%%, and histamine?°®, as well as degrading bacterial surface bound IgG2®’.
Some secreted virulence factors, such as SpyCEP, are also bound to the GAS cell

surface?%8.

GAS can also induce cytolysin activity to destroy host cells and neutrophil
extracellular traps (NETs), and form biofilms to reduce effective clearance.
Streptolysin O (SLO) pore-forming toxin promotes phagocytosis resistance,
supressing neutrophil oxidative burst, and impairing neutrophil migration to enable
bloodstream survival?®. A switch in bacterial lifestyle to form biofilms is an additional
method, impeding not only host clearance mechanisms but also antibiotic
effectiveness. In addition to mediating adhesion, T type 2 pili play a role in bacterial
auto aggregation?' to increase host survival?'1?12, Multifaceted M proteins may also
be important in long-term GAS colonisation and survival, enabling aggregate

formation on the tonsillar epithelia, and promoting biofilm formation®213-215,

1.5.3. Systemic Toxicity and GAS Bacterial Dissemination

GAS can cause systemic toxicity mediated by virulence factors directly interacting
and activating immune cells. Spes and SSA are important virulence factors
associated with iGAS disease. One key mechanism in STSS onset is the non-
specific activation of T cells by SSA leading to Th1 proinflammatory responses®¢21’,
There are also many Spe’s used by circulating GAS strains® such as SpeA?8,
SpeC?'?, SpeH??° and Streptococcal Mitogenic Exotoxin Z (SMEZ)?2! which enhance
pro-inflammatory host responses. Secreted extracellular toxin superantigens, SpeA
and SpeC, are historically known as scarlatinal toxins, responsible for increased

scarlet fever incidence??2-224,
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SSA structures possess both distinct T-cell receptor (TCR) and Major
Histocompatibility Complex (MHC) class Il binding sites??®, allowing SSAs to act as
immunostimulatory molecules, binding outside of the MHC class Il peptide-binding
site, leading to overstimulation and activation of a large number of T cells?252%7, This
has important downstream effects through the release of large amounts of
inflammatory cytokines such as Tumour Necrosis Factor alpha (TNF-a), IL-13, and
T cell mediators, IL-2 and Interferon (INF) gamma (INF-y), causing complement,
coagulation, and fibrinolytic cascades, which can lead to hypotension and

multiorgan failure characteristic of iGAS infections.

GAS can also cause invasive disease through other secreted virulence factors, such
as SLO, a cholesterol dependent oxygen-labile cytolysin, prevalent in iGAS
associated isolates??®. SLO’s main function is to interact with cholesterol in target
cells forming multi-subunit pores, lysing erythrocytes, leukocytes, macrophages,
and platelets?2230, Cell lysis provides a bacterial survival advantage through binding
to released haemoglobin which can then be used as an iron source, and mediating

tissue destruction important in necrotising fasciitis and bacterial dissemination?,

Streptolysin S (SLS) is an additional cytolysin also implicated in IGAS. SLS
expression gives GAS the characteristic B-haemolytic phenotype when cultured on
blood agar. Similar to SLO, SLS exhibits cytotoxic effects against epithelial cells,
neutrophils, lymphocytes, and platelets in intracellular, cell-surface-bound, and
extracellular forms?*2, This specifically occurs by activation of cellular calpain, a host
cysteine protease which enables degradation of E-cadherin leading to mucosal
epithelium disruption?32. SLS therefore contributes to GAS translocation across
epithelial cell monolayers, which can lead to lesion formation and tissue

destruction?3.

Systemic toxicity is associated with widespread infection when GAS cells reach
local and distant lymph nodes as an extracellular pathogen?3423%, GAS is able to
access the bloodstream through the lymphatic system, remaining extracellular in
transit, important in bacterial dissemination characteristic of iGAS?**. In addition to
travelling to sites distant from initial colonisation, GAS can also become adapted to
intracellular survival within non-phagocytic epithelial cells?6-2%, Intracellular GAS
has been observed within surgically excised tonsils from asymptomatic patients®86°
suggesting intracellular niches to be an important source for recurrent infections and
carriage®23°, GAS cell internalisation provides a survival advantage, impeding host

clearance and enabling bacterial persistence. This is through damage to the
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epithelial integrity resulting in cell death and exposure of underlying tissues,
providing an intracellular route to deeper tissues. Similar to bacterial adherence,
internalisation likely requires multiple steps including interaction between adhesion

proteins and host integrins?24°, followed by host cytoskeleton rearrangementst’2,

A key GAS virulence factor believed to be involved in internalisation is the HA
capsule?*, binding CD44 glycoproteins on epithelial cell surfaces to induce
cytoskeletal rearrangements?42243, Cell signalling disrupts intercellular junctions,
causing membrane ruffling and epithelium penetration?*!, M proteins’:244,
fibronectin binding proteins such as Sfb?* and Fba?*¢, in addition to toxins and
proteases, such as SLS?#, Streptokinase, and SpeB have also all been implicated
in GAS internalisation. This is through fibronectin binding triggering plasma
membrane invaginations and aggregation aiding GAS internalisation. In addition to
epithelial cells, GAS survival has also been demonstrated within phagocytic cells,
such as macrophages?*®. GAS can escape phagolysosomes enabling multiplication
in the hosts cytoplasm?#°, thought to be mediated by SLO and its co-toxin
expression?®, This aids intracellular survival as well as resistance to macrophage

killing as an innate immune evasion strategy.

1.5.4. Control of Virulence

The ability to control virulence factor expression during GAS infection is important
for bacterial survival. GAS systems respond to environmental signals to control
gene products involved in adhesion, colonisation and invasion?®12°2, Some GAS
genes encoding virulence factors are under control by two-component regulatory
systems composed of a membrane bound sensor and a cytoplasmic response
regulator. One of the most characterised and key regulatory systems is the CovR/S
system (Control Of Virulence; also known as csrRS, Capsule Synthesis
Regulator)?3, with CovS as the sensor protein and CovR as the repressor molecule.
Microarray expression technologies predict that CovR/S controls the transcription of
15% of all chromosomal GAS genes?®, encoding proteins involved in host-pathogen
interactions, enabling differential expression during GAS growth, and response to
environmental stress?®. CovR/S has also been shown to repress the expression of
a number of virulence factor genes including HA capsule (hasABC), DNAse, sda,
and SpyCEp203,254,256,257_

Another well studied transcriptional regulator is the Multiple Gene Regulator (Mga)
responding to host cellular environments and making up 10 % of the GAS

genome?®8, Mga controls genes important in adhesion and homeostasis®® as a DNA
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binding protein?®® controlling its own expression?®! in addition to the expression of
the M protein family (emm, mrp, enn and arp), C5a peptidase (scpA), SOF (sof),
SIC (sic), and Scll (sclA)?2,

Additional gene expression regulators include RofA-like Proteins (RALPS),
specifically RofA?%3 controlling PrtF1 fibronectin binding adhesin expression in
response to oxygen concentration?4. Other regulators of note include Rgg, known
as RofB, as a global regulator of several genes and other regulators such as the
Mga and CovR/S systems?®, as well as FasBCA three-component system

controlling expression of certain fibrinogen and fibronectin binding proteins2®,

1.6. Autoimmunity - GAS and Host Interplay

Since the 1970s a link has been observed between GAS cell components
generating anti-GAS antibodies leading to ARF development?67:268_|nitial
experiments demonstrated that whole GAS cells, cell walls and membranes could
absorb human antibodies which recognise the heart?¢®-2"*, Additionally, rabbit sera
from GAS immunisation and ARF patient sera both react with heart and skeletal
myosin?’2, Studies in the 1980s determined shared epitopes between GAS directed
monoclonal antibodies (mAbs) and murine and human tissues?’3-27,
Immunofluorescent staining of heart tissue showed cross reactive mAbs recognised
the heavy chain of skeletal and cardiac host myosin?’¢-278  in addition to GAS M
proteins?75279-281 gnd the GAS cell surface carbohydrate, specifically GAC GIcNAc
residues?3-2">282 Additional host structures have also been identified including
keratin in skin, tropomyosin in cardiac muscle328 and laminin and vimentin in the

ECM of heart valves?8>286,

1.6.1. GAS Autoimmunity — M proteins

One of the main epitopes recognised by GAS specific antibodies are a-helical
coiled-coil molecules, present in host cardiac and skeletal myosin, tropomyosin,
vimentin, laminin and keratin®®’. GAS M proteins are also a-helical coiled-coil
molecules®®28° and are the best studied GAS virulence factor implicated in
autoimmune sequelae. There are seven residues shared between M proteins and
host ECM components forming the structural molecular mimicry, in addition to some
shared amino acid sequence homology to human skeletal and cardiac myosin?®.
Primarily, M proteins induce autoimmune effects through the generation of
antibodies, however cytotoxic T cell populations which recognise myosin have also

been reported in ARF sera?8:2°1 and patient RHD heart tissue?®2. M5 protein is most
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characterised for ARF association?®3, with mapped autoimmune epitopes?®*2%, and

generating T cell stimulation in animal models?%.

1.6.2. GAS Autoimmunity — GIcNAc Residues on GAC

A link has also been demonstrated between ARF patient anti-myosin and laminin
mAbs and GIcNAc residues on GAC?°72%, Clinically high anti-GIcNAc mAb titres
and host myosin correlate with chronic rheumatic valvulitis, an ARF complication?®®,
as well as longer lived anti-GAC antibody populations in RHD patients?%°,
Specifically, anti-GIcNAc antibodies have been found deposited on the basement
membrane underlying the heart valve endothelium?2 and the valve surface?®? within
RHD patients?”. This is mediated by increased vascular cell adhesion molecule-1
(VCAM-1) expression®® and CXC-9 CXC chemokine upregulation®®, leading to
CD8* and CD4" T cell and macrophage extravasation to valvular tissues. This
results in imbalanced Th2 type immune responses often observed in chronic

RH D292,301—304

1.6.3. GAS Autoimmunity — Other Antigens

Additional GAS cell surface epitopes have also been identified using affinity purified
anti-myosin antibodies present in ARF sera. These include a 60 kDa streptococcal
actin-like protein®®, a 60 kDa wall membrane antigen?®? and a 67 kDa protein
antigen3%. Cross reactive antibodies also recognise heart myosin and actin, due to
shared conformational properties with M proteins, or MHC class Il molecules in the

case of the 67 kDa protein°®,

1.6.4. Mechanism of Heart Tissue Damage

GAS bacterial factors, host molecular mimicry, and exaggerated and unregulated
host immune responses are fundamentally responsible for autoimmune sequalae.
GAS antigen processing and presentation through B and T cell interaction leads to
stimulation of cross reactive cytotoxic mAbs in the presence of complement?®7307
causing inflammation and tissue damage resulting in carditis®*®3%°, The main driver
is excessive and unbalanced cytokine release by peripheral blood mononuclear
cells (PBMCs) and antigen presenting cells (APCs) such as macrophages at
infection sites®1%-312 as well as presence of heart targeting T cells®**314, Cytokine
elevation of TNF-g313:314 |-10303311.315 || .g303311 || -17313 |L-23 and IFN-y36, are
implicated in ARF / RHD pathogenesis. Specifically, IL-10 and IL-6 are potent B cell
activators leading to increased survival, differentiation, and proliferation, which
exacerbates autoantibody production. Skewed cytokine profiles also lead to more

PBMC cell infiltration, activation of endothelial cells, increased vascular
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permeability, and increased adhesion molecule expression, resulting in tissue
damage providing an additional trigger for further T cell and macrophage

activity303316,

1.7. Host Response to GAS Infection

1.7.1. Host Response to Repeated Infection Inducing Autoimmunity
Relatively few repeated GAS infections lead to autoimmunological disease®’
therefore host susceptibility likely influences autoimmune sequalae development.
For example, age and gender influences ARF susceptibility, with young children and
females more likely to develop RHD from ARF than males®#3°, However, main
ARF/RHD risk factors relate to differential expression of host genes involved in
cytotoxicity, chemotaxis, apoptosis and immune mechanisms310320:321  Specifically,
innate immune polymorphisms include mutations in mannan binding lectin
genes*322-324 the TLR-2 gene®?, the IL-10 gene promoter region®?%327 and IL-6
genetic regions3!2328 Adaptive immune polymorphisms are also responsible, such
as variations in the DR or DQ regions of class Il human leukocyte antigens (HLA),
particularly HLA-DR7 and HLA-DQA1-DQB1317:32%-331  gych mutations reduce

effective GAS clearance®®?, as well as cytokine production levels31326:333,

1.7.2. Host Response to Natural Infection

Distinct from counterproductive autoimmune responses, protective responses after
natural infection can take up to 20 years to fully develop®**. A single GAS infection
does not lead to general streptococcal immunity and people generate different anti-
GAS antibody levels throughout their lives3**33¢, For example, children more
commonly have non-invasive superficial infections compared to adults, and iGAS
disease is most common in the elderly due to immunosenescence and complicating
co-morbidities®”337338  Adults have the highest anti-GAS antibody levels of all age
groups33+339-341  gyggesting that natural exposure through repeated infections may

generate some level of immunity over time334,

Slow immunity acquisition may be related to GAS antigenic diversity, particularly the
immunodominant M protein342343_ Acquired immunity is achieved through type
specific protection against homologous strains®*® specifically generating opsonic
antibodies against the infecting serotype3*4345. This has been observed in
antibodies isolated from people who have recovered from GAS upper respiratory
infections only binding the infecting emm type heat-killed strain®4. Therefore, unless
reinfected with the same GAS strain within a short period of time, immunity is short

lived, and acquisition of long-lasting type-specific immunity is a slow process.
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Humoral responses directed against a range of cell wall associated and secreted
antigens are pivotal in GAS neutralisation and clearance. Mucosal antibodies such
as IgA and IgM prevent GAS colonisation and adherence in murine models®#’, and
type specific IgG antibodies promote GAS clearance by complement mediated
phagocytosis*. Some of the dominant antigens recognised by these antibodies
include the M protein, C5a peptidase, LTA, and fibronectin binding proteins!2348,

1.8. Control, Treatment and Prevention of GAS Infections
1.8.1. Antibiotics Targeting GAS

GAS retains susceptibility to B-lactam antibiotics®*°, used as the main method to

prevent infection and associated complications®*°. Widespread use of benzathine
penicillin G (BPG) has been pivotal in successful treatment of GAS pharyngitis, and
has played an important role in ARF reduction observed in HICs*!. GAS has
generally remained susceptible to other B-lactam antibiotics such as cephalosporin
and amoxicillin®2, with macrolides and clindamycin used clinically to treat infections

in penicillin allergy cases®3-3%,

Recently, however, some isolates have gained resistance to macrolides,
clindamycin, and lincosamide antibiotics3334354.3% GAS strains have also displayed
rare mutations in the penicillin-binding protein 2B (PBP2) reducing B-lactam
susceptibility, including amoxicillin®7, confirmed in a recent study observing emm43
and emm4 iGAS associated strains in the USA%®, Such mutations in PBP2 have led
to penicillin resistance in S. pneumoniae®®. In addition to antimicrobial resistance
risk, penicillin alone has limited efficacy in GAS carriage eradication®°, with a
combination of penicillin with other antibiotics such as rifampicin and azithromycin
necessary to obtain carriage clearance®2%2, Such treatment routes are associated
with high costs and are often not implemented or available in LMICs where
pharyngitis and carriage rates are highest. Additionally, there can be difficulty
distinguishing strep throat from viral pharyngitis3®®, meaning infections are important
drivers of broad spectrum antibiotic usage, which in some instances may be

unnecessary>®4,

1.8.2. Intravenous Immunoglobulin G (IVIG) Treatment

In iGAS cases with serious life-threatening sepsis, necrotising fasciitis or STSS,
antibiotics may not be completely effective and intravenous immunoglobulin G
(IVIG) treatment is required. This entails injection with pooled plasma donor
neutralising 1gG antibodies to dampen proinflammatory responses and reduce

cytotoxic T cell proliferation. Though effective, IVIG is expensive and without an
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exhaustive source, used only in exceptional circumstances. Nevertheless, IVIG has
been used to identify potential vaccine antigenic targets with an aim to skew

responses towards neutralising and opsonic antibody protection36®,

1.8.3. Vaccines Targeting GAS

Vaccination is considered the most successful health intervention, reducing
infectious disease incidence®®. Antibiotics and IVIG treatment are not suitable to
control GAS infections at the population level or stop transmission within
communities®. Safe and efficacious vaccines are therefore required to control GAS
morbidity and mortality, as well as potentially transmission towards pathogen

eradication, possible with humans as the only natural host.

Vaccine development is a complex and lengthy process, however, GAS vaccine
development has had arguably a more complicated history compared to most with
an official impeded status recognised by the WHO, loosely related to bacterial, host
and scientific effects. First and foremost, GAS is a complex pathogen with high
genomic heterogenicity, different virulence factor expression profiles between
strains, and complicated diverse global epidemiology. A genomic study showed that
no single protein investigated during vaccine development has been 100%
conserved between all the analysed GAS isolates'®. Protein sequence variation
within vaccine candidates, such as within the most progress NTD M protein-based
vaccines, leads to the requirement of multicomponent inclusion to obtain acceptable
cross protection levels. Additionally, the broad disease spectrum makes finding an
effective long-term vaccine strategy challenging, as does disproportionate GAS

disease burdens and diversity within LMICs.

Host specific effects have also impeded vaccine development through autoimmunity
safety concerns as discussed previously. Early crude GAS vaccines reporting
apparent autoimmune sequalae, led to uncertain and insufficient GAS vaccine
market incentives. However, recent concerted efforts globally have improved
awareness, aiming to support commercialisation and eventual product licensure.
Key players include the Coalition to Accelerate New Vaccines for Group A
Streptococcus (CANVAS) aiming to combat ARF/RHD and iGAS infections®’, as
well as the Wellcome Trust supported SAVAC — Strep A Vaccine Consortium, which
is developing economic and business cases to assess safety, correlates of
protection and vaccine targets. Such collaborations and investments have
undoubtably led to improved preclinical antigen discovery, vaccine formulation, and

use of vaccine efficacy infection models. A vaccine summary is stated in Table 1.1.
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1.9. GAS Vaccine History

GAS vaccine research started in the early 20" century aiming to prevent scarlet

fever. Interest quickly waned as outbreaks reduced and ARF incidence declined in
the USA and Europe due to penicillin discovery and implementation®®®. However,
disease burden persisted globally particularly in LMICs with poor antibiotic access
and higher morbidity and mortality associated with autoimmune complications.
Recently the WHO called for better control and prevention of acute and chronic
infections, as well as RHD autoimmune complication®® through accelerated vaccine
development and regulatory and policy implementation. Towards this aim, the WHO
sponsored the publication of two documents, a framework towards Preferred
Product Characteristics, and Vaccine Research and Development Roadmap?®. The
roadmap highlights vaccine efficacy against pharyngitis and skin infections as a

near-term strategic goal with a hope to prevent more severe infections®®.

1.9.1. Whole Cell and Crude M protein Vaccines

Early vaccines consisted of whole heated killed GAS developing into crude M
protein preparations. The highly reactogenic vaccine was used to immunise 4,000
young adults but failed to show successful disease prevention®”°, This was
succeeded by GAS cell wall fractions and partially purified M proteins as antigens in
the 1960s which were shown to be reactogenic but also produced inconsistent

immune responses®/1:372,

This was followed by a study which repeatedly immunised children with partially
purified M proteins®’3, which lead to concerns that GAS vaccines may induce
autoimmune symptoms. Specifically, the group published controversial findings
linking two partially purified M protein candidates to vaccine induced autoimmune
sequalae, reporting an apparent ARF increase in 3 out of 21 vaccinated
volunteers®™4. Whether the apparent ARF increase was caused by the vaccine is still
debated, however, such findings resulted in a US Food and Drug Administration
(FDA) ban on the use of GAS organisms and derivatives in bacterial vaccines in
1978%75, The ban was lifted in 2006 following evidence of non-vaccine confounding
factors influencing ARF susceptibility in the vaccinated subjects®’®. Since resuming
vaccine research, no similar adverse safety signals have been observed, however,
the ban significantly slowed vaccine development, with no reported trials
documented during a 25-year period®®. To date, pre-clinically 28 vaccine candidates
have been shown to be protective against GAS infections using a number of animal
models®’7378, However, currently there are no licenced vaccines, and only a small

number of candidates have been tested in human clinical trials3""-378.
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Table 1.1: Summary of GAS vaccine candidates currently in development.
NTD = amine (N) terminal domain, CTD = carboxylic terminal domain, HVR = hyper variable region, GMMA = generalised modules for membrane antigen.

Name / . .
Type Identity Antigen Details Stage of development References
Preclinical
Purified Whole M o . Proof of concept in 379-381
protein Purified M protein human challenge
Phase |
HVR 4, 6 and 8 valent Phase | 362-364
Multivalent NTD HVR 26 valent Phase | and Phase Il SR
’ StreptAnova
M protein HVR 30 valent Phase | AT
M peptides displayed on surface of commensal L lactis Pre-clinical D
StreptinCor C-repeat epitope Pre-clinical 390391
. . Pre-clinical 378,392
CTD M protein 8 Minimal Epitope Phase |
J14/p145 Minimal Epitope Pre-clinical 39
J14 Combo 10 valent HVR Pre-clinical 394
Combo3 SpyCEP, SpyAD and SLO Pre-clinical 39
Pre-clinical
Purified protein Combo5 Arginine Deiminase (ADI), Trigger Factor (TF), C5a peptidase, SpyCEP, SLO Proof of concept in non- SRR

antigens
(Multicomponent)

SpyAD, C5a peptidase, Spy0762, Spy0651, oligopeptide binding, nucleoside-binding protein, pullulanase,

human primate model

el 398,399
Spy? nucleoside-binding protein FieEEs]
5CP SpyCEP, SLO, SpyAD, C5a peptidase, sortase A Pre-clinical 394
C5a peptidase Pre-clinical 400
Fibronectin binding protein Pre-clinical 01
Streptococcal protective antigen Pre-clinical 385
" . Serum opacity factor Pre-clinical 02
Purified protein ) . L 403-405
antigens (Single Streptococcal pyrogenic exotoxin A/B/C Pre-clinical
Component) Streptococcal pili T antigen Pre-clinical 159,406
SpyCEP Pre-clinical 208
Other common antigens Pre-clinical Ao
Identified but untested antigens; G-related alpha2-macroglobulin binding (GRAB), Protein, metal transporter of - 408156
; h ) h Pre-clinical
streptococcus (MtsA), superoxidase dismutase, lipoproteins
Native GAC conjugated to Tetanus toxoid (TT) Pre-clinical 409
Wildtype GAC Native GAC with CRM1o7 Pre-clinical i
Native GAC with GAS antigens SpyCEP, SpyAD and SLO Pre-clinical A
'z’l;r:i?;r%gg Rhamnose defective of GIcNAc side chains with S pneumoniae carrier protein Pre-clinical 1
Polymer) Rhamnose defective of GIcNAc side chains with GAS Antigen SpyAD Pre-clinical a2
Synthetic GAC Synthetic carbohydrate with C5a peptidase Pre-clinical a3
Oligosaccharides Synthetic carbohydrate with CRMzs7 Pre-clinical 139
H H 1, -clini 414
Novel Antigen GAC dlsplay_ed in gol(_i nanoparticles Pre cl?n?cal o
Display GAC displayed in GMMA Pre-clinical
Synthetic GAC repeating unit presented in lipid-core complex Pre-clinical 416
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1.9.2. Purified M Protein Vaccines

The most progressed GAS vaccines are multivalent subunit vaccines in phase | and
Il clinical trials containing highly purified recombinant M proteins®’738%387 Sych
vaccines are built on immunisation data dating back to the 1970s, demonstrating
protection from infection with homologous M types®7®38° and presence of protective

serotype specific bactericidal antibodies inducing phagocytic GAS killing®:.

1.9.2.1. Multivalent Amine (N) Terminal Domain (NTD) M Protein Vaccines
From the M protein structure (Figure 1.2b), the hypervariable N terminal domain
(NTD) contains epitopes which evoke the most bactericidal antibodies.
Recombinant multivalent NTD M peptide vaccines in pre-clinical and clinical trials
show good safety and immunogenicity profiles®4-38. Over the years, M protein-
based vaccines have become more complex in their formulation and can be divided
into 6-valent, 26-valent, and 30-valent vaccines, from most basic to most
progressed. Initially the leading multivalent vaccine consisted of NTD portions of 6
strains, predominantly found in the US4, However, due to regional variation
between strains, the vaccine failed to show cross strain protection34417, This
vaccine was subsequently redesigned with increased valency, containing 26 M
protein NTD peptides (StreptAvax), commonly found in Europe and North
America®®. The vaccine was well tolerated, generating elevated protein specific
opsonic antibody responses in humans3®, without autoreactive antibody

generation®®,

Nevertheless the 26-valent StreptAvax vaccine still failed to protect against a broad
coverage of GAS strains, particularly against isolates found in Asia and the Pacific
continents'®%. It was therefore further developed to contain 30 M protein NTD
peptides (StreptAnova™)3®’. The increased valency demonstrated greater
protection and efficacy, specifically through bactericidal opsonic antibodies directed
against all included vaccine serotypes, as well as 24 additional non-vaccine
serotypes®®’. This indicated broad coverage and neutralising ability beyond vaccine
serotypes due to similarities between M proteins in the same emm clusters®®.
Recently in 2020, StreptAnova™ phase | trials began and have demonstrated that
the vaccine is safe, immunogenic, and well tolerated without inducing any

autoimmune antibodies®"”.

However, a concern with widespread multicomponent NTD M protein vaccine
implementation is the emergence and dominance of non-vaccine serotypes®-.

However, given that the StreptAnova™ vaccine was able to provide cross protection
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to M proteins not included in the formulation, these concerns may be negated.
Nevertheless, vaccine-induced escape serotypes have been observed for other
bacterial vaccines**®41°, and can be theoretically applied to GAS vaccines, with one
study reporting only 685 out of 2,083 tested genomes contain a vaccine NTD emm
subtype®®®. This equates to 33% antigenic coverage within the 30-Valent
StreptAnova™ vaccine formulation®®, threatening to reduce protection in areas
where people are most at risk of serious GAS complications!%42°, For this reason,
the conserved CTD and middle region of M proteins have been investigated to

circumvent sequence variation378421,

1.9.2.2.  Multivalent Carboxylic Terminal Domain (CTD) M Protein Vaccines

A group of alternative M protein subunit vaccines consist of minimal B cell epitopes
from the CTD region, namely J8, J14 and J145. These vaccines have generated
antibody responses protecting mice from mucosal, soft tissue and systemic
infection, independent of the challenging emm type3°2422, The most progressed CTD
M protein-based vaccine is StreptinCor currently undergoing phase I/lla clinical
trials. This vaccine consists of a conserved 55 amino acid polypeptide, containing
linked B and T cell epitopes similar to the CTD of M5 protein sequences. The
vaccine demonstrated protection in mice3%°, and good preclinical toxicity and

tolerability®°1.

However, CTD M protein vaccines may not protect against systemic deep tissue
infections, and are predicted to present less opsonic and bactericidal epitopes than
NTD vaccines3%423424 This concern was addressed through the development of
MJ8VAX (J8-DT) vaccine which consists of a 29 amino acid peptide conjugated to
Diphtheria Toxoid (DT)3923%, |n the tested animal model, MJ8VAX stimulated
opsonic antibody production, inducing protection against intranasal and
intraperitoneal infection*?>42¢, Following promising safety and immunogenicity
studies®92426-428 phase | clinical trials showed that MJ8VAX was immunogenic and
well tolerated®’. However, over time antibody levels decreased and the overall

vaccine efficacy was disputed®’.

Since J8 there has been alternative variations trialled, for example the conjugation
of the CTD peptide to the universal T cell epitope, T-helper Pan HLA-DR-binding
epitope peptide (PADRE), as well as J14 and J145 vaccines, engineered to have
amino acid replacements to generate more robust and potent immune responses
compared to J8?°. A number of J14 and J145 formulations and routes of

administration have also been tested including sophisticated adjuvants c-di-AMP
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and BPPCysMPEG showing superior immunogenicity when delivered via the
mucosal route within lipopeptide nanocarriers*:°. Another novel approach to improve
immunogenicity was to fuse three J14 repeats to different NTD M peptides
containing a C terminal Gram positive sortase motif. The aim was to encourage
conjugation of TLR-2 agnostic FSL-1, and was shown to induce high antibody titres,
protecting mice from lethal GAS challenge®®“.

1.9.3. Non-M Protein Vaccines

Alternative ‘next generation’ GAS antigens are also under investigation, aiming to
find abundant and cross-protective antigenic epitopes effective at different infection
stages*?®. Ideal candidates would be suitable for use globally through broad strain
coverage but many non-M protein vaccines remain to be tested in human clinical
trials*31432, Alternative antigens explored include pili**®4%, ECM and fibronectin
binding proteins*®!, C5a peptidase*®, streptococcal pyrogenic exotoxins
(SpeA/B/C)*%3-4%5  among others35407:4%8 |mportant in this work, S. pyogenes cell
envelope protease — SpyCEP (Spy0416), and S. pyogenes Adhesion and Division
protein — SpyAD (Spy0269) have also been investigated as antigens both alone?®,
in combination3%5433434 a5 well as recently as protein carriers in glycoconjugate

vaccines#1412,

1.9.4. Multicomponent Vaccines

Due to the observed variation in circulating GAS serotypes, vaccines containing
multiple antigens are often more desirable by offering better cross-protection.
Multicomponent vaccines have the potential to overcome antigenic variation and
provide a multi-hit approach to immunogenicity. Many multicomponent vaccines
have focussed on combined individual candidates in a single formulation396433,
These have often been identified by reverse vaccinology methods, combining
antigen localisation, sequence conservation, and immunogenicity®, or isolated

from pooled human I1gG IVIG®®°,

1.9.4.1. Protein Subunit GSK Combo3 Vaccine (SpyCEP, SLO, SpyAD,)
GlaxoSmithKline (GSK) have developed a combination vaccine containing three
conserved antigens, hamely SpyCEP, SpyAD, and SLO (Streptolysin O -
Spy0167)*%. These prevalent and conserved surface exposed or secreted antigens
were selected based on high-throughput proteomic approaches in combination with
immune-array and flow cytometry techniques®®. Preclinical investigation

demonstrated consistent antigen specific bactericidal antibody production effective
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in clearance of four M serotypes when challenged via intraperitoneal and intranasal

routes within a murine model°®.

1.9.4.2.  Protein Subunit Combo5 Vaccine (SpyCEP, SLO ADI, TF, and C5a
peptidase)
Based on combo3 vaccine’s encouraging immunogenicity3®®, SpyCEP and SLO
were taken forward for inclusion in a five GAS protein antigen multicomponent
vaccine. The additional antigens included C5a peptidase (ScpA)*®, Trigger Factor
(TF)*% and an inactive version of Arginine Deiminase (ADI)*’. TF and ADI enzymes
are anchorless conserved surface proteins*®, however there may be coverage
concerns due to protein sequence variation and heterogenicity of SLO and C5a
peptidase®. When combined and formulated with Aluminium Hydroxide (Alum)
adjuvant, immunised mice displayed protection from cutaneous GAS challenge, but
not from systemic infection®%®. Interestingly, however, when using the same invasive
murine model, and formulating Combo5 with different experimental adjuvants, such
as saponin QS21, increased protective efficacies were observed, through a more
balanced Th1/Th2-type immune response important for iGAS protection®*’. Combo5
immune responses have also been characterised in non-human primate models

showing a successful reduction in pharyngitis but not colonisation*3*,

1.9.4.3. Protein Subunit 5CP Vaccine

A similar multicomponent vaccine containing five protein antigens known as 5CP
has also been developed, consisting of C5a peptidase, SpyAD, SpyCEP, SLO in
addition to sortase A, a membrane associated cysteine protease3®*. The vaccine,
containing antigens from a number of pathogenic mechanisms such as adhesion,
phagocytosis, cytolysis, and chemotaxis, was adjuvanted with CpG-
oligodeoxynucleotides and immunised via the intranasal route. The vaccine showed
protection against intranasal, skin and systemic challenge, stimulating a controlled
Th17 responses via local and systemic antibodies for at least 6 months following the

last immunisation®%.

1.9.4.4. Protein Subunit Spy7 Vaccine

Further increased antigen inclusion has also been investigated to broaden
coverage. Spy7 vaccine contains several surface antigens recognised by pooled
IVIG, specifically C5a peptidase, oligopeptide-binding protein, pullulanase,
nucleoside-binding protein, hypothetical membrane associated protein Spy0762,
cell surface protein Spy0651, and SpyAD3%. The seven antigens were

recombinantly expressed in E. coli and formulated with Freund’s adjuvant before
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immunisation, demonstrating reduced GAS M1 and M3 dissemination in a murine
model*®®. However, Spy7 immunogenicity when formulated with an human approved

adjuvant such as Alum remains to be characterised*®.

1.9.5. GAS Polysaccharide Vaccines

Carbohydrate capsules incorporated into vaccine preparations have protected
against a number of streptococcal species, most notably S.pneumoniae, however,
the GAS HA capsule is an unsuitable vaccine target'*>4%, For this reason, the
Group A Carbohydrate (GAC), has been suggested as an alternative
polysaccharide vaccine candidate. GAC branched trisaccharide repeating units
have been shown to be immunogenic*44, through studies using rabbit and human
antiserum##2443 computer simulations!44146444 and Nucleic Magnetic Resonance

(NMR) structural techniques*:.

Anti-GAC antibody titres are thought to correlate with reduced GAS infection
incidence in adults, suggesting that although weakly immunogenic compared to
other GAS antigens, anti-GAC antibodies are important in long lasting immunity“°°.
Affinity purified anti-GAC antibodies have also been shown to have opsonic
properties specifically against M3, M6, M14 and M28 serotypes*#. Sabharwal et
al‘®® also demonstrated an inverse relationship between anti-GAC antibody levels
and throat colonisation, as well as protection against systemic and intranasal GAS

challenge in mice vaccinated with GAC conjugated to a protein carrier.

However, as discussed GIcNAc side chains are believed to be responsible for post
infection autoimmune sequalae*!®. To address potential vaccine safety concerns,
Van Sorge et al**! used modified GAC devoid of GIcNAc and conjugated it to S.
pneumoniae protein SP0435. They showed that antibodies raised against rhamnose
polymers only promoted phagocytic killing of multiple GAS serotypes and could
protect mice systemically following passive immunisation with rabbit anti-GAC
antiseral®l. Both studies, along with findings by Kabanova et al**® justifies further
investigation into both wildtype and modified GAC as protective conserved vaccine

antigens for inclusion in glycoconjugate vaccine design (Table 1.2).
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Table 1.2: GAS glycoconjugate immunisation strategies using GAC as a vaccine component.
- = information not available.

Group Protein Saccharide Conjugation Chemistry Clean up Physicochemical Analysis Immunological Analysis
1gG titre (ELISA)
Sabharwal ) Reductive amination Passive murine protection model
etal., TT Wildtype %’;CS i)ét”rgcted from with sodium TFF MWCO - Murine challenge model — subcutaneous and intra nasal
20064 cyanoborohydride against colonisation and survival
Autoimmunity cross reactivity
I Activation via .
Synthetic wildtype GAC ) S : 19G titre (ELISA)
Ka;a:lova Sy fragments (6mer and 12mer) ailcsll:gglﬂé?\l/iy;;?g;&tlitgn 1H NMR spectrum of GAC Antibody function (opsonophagocytic killing)
2010;39 Wildtype GAC extracted fi it Seeim Ultrafiltration Mass Spec Antibody binding (flow cytometry - 2 GAS strains)
ildtype extracted from . i i
CRMig7 e cyanoborohydride Murine protection model
Auzanneau Cysteamine GAC Epitope mapping
etal, TT Synthetic GAC fragments activation and diethyl Ultrafiltration Saturation transfer difference NMR 1gG and IgM titre (ELISA)
201346 squarate amine reaction Colourmetric assays
X Passive murine protection model with rabbit antisera - systemic
Recombinant i i
Sorge et pneumococcal LA GQ? (pol&/rhamgosse) Affinity interactions - Size exclusion ibody!binding (i infection 8 GAS .
al. 201441 protein extracted from Agacl GA streptavidin / biotin HPLC - Antibody bin |ng_( ow cytometry - 8 GA lsyralns)
’ SP 0435 cells Antibody function (opsonophagocytic killing)
- Autoimmunity cross reactivity
Rivera- Arginine Cyanylation using 1- 1gG titre (ELISA)
Hernandez deir?"linase Native mutant extracted from cyano-4- Size exclusion ) Antibody binding (flow cytometry - 2 GAS strains)
etal., rotein GAS cells dimethylaminopyridinium HPLC Indirect bactericidal assay
2016%% p tetrafluoroborate Skin and subcutaneous challenge model
Zhao et 1gG titre (ELISA)
al, 201947 - ) ) ) Antibody function (opsonophagocytic killing)
Wang et Cba peptidase Synt?;;:(;:/w‘lsc:]tq)gegor:%?)m ers Acylation reactions Slze:;flgsmn MALDI-TOF Antibody binding (flow cytometry - 1 GAS strain)
al., 20203 ’ ’ Murine challenge model — subcutaneous
CD4+ T cell activation and proliferation
i CRM . . .
BeneDcIJetto 19 Wildtype GAC extracted from Oxidation reduction Molecular mass (HPLC-SEC - 1gG titre (ELISA)
ot al SpyCEP p GAS cells amination (with and Ultrafiltration refractive index and fluorescence Antibody binding (flow cytometry — 1 GAS strain)
2020;,‘11 Sg{gD without oxidised GAC) detection) Antibody function (functional cleavage assays)
UV-Vis
. Conjugation to q H-PAD
;'tlgglzooffd gold poﬁ/)rlﬁg:ﬁ::gse Thiol-ending linker Ultrafiltration Dynamic light scattering Competitive ELISA
7 nanoparticles Electron Microscopy
Nanoparticle tracking analysis
1gG titre (ELISA)
Gao et al SpyAD, SLO Mutant GAC (polyrhamnose) Site-direct CLICK Antibody binding (flow cytometry - 8 GAS strains)
2021412" and C5a extracted from Agacl GAS chemistr Dialysis SEC-MALS Antibody function (opsonophagocytic killing, functional blocking)
peptidase cells y Passive protection murine challenge model — systemic and skin
Autoimmunity cross reactivity
Conjugation o . . : .
Khatun ?}e Ac-PADRE— Synthetic tri-rhamnose Alkyne alz'lde Semipreparative HPITC SEC i ; IgG titre (ELISA) -
al., 2021 lipid core cycloaddition RP-HPLC Dynamic light scattering Antibody function (opsonophagocytic killing)
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1.10. Glycoconjugate Vaccines

Identification of protective antibodies induced by pneumococcal polysaccharide
enabled the development of the first vaccine composed of purified
polysaccharide*#®44°, During the 1970s and 1980s polysaccharide vaccines against
meningococcus serogroup ACWY, S. pneumoniae and Haemophilus influenzae
type b (Hib) were licensed. However, bacterial polysaccharides alone were found to
be poorly immunogenic especially in children due to poor antibody boosting and

limited isotype switching from IgM“%°,

1.10.1. Progression Towards Glycoconjugate Vaccines

Generally the disease burden of encapsulated bacteria is highest during the first
years of life, a complication for the low efficacy of polysaccharide vaccines at this
age*1%3, pPolysaccharide antigens alone are T cell independent antigens,
containing repetitive structures which although recognised and cross-linked by B
cell receptors (BCR) on B cells, cannot provide T cell epitopes. This leads to B cell
differentiation into plasma cells which secrete antibodies directed against
polysaccharide epitopes. However, there is no T cell helper function as the
mechanism of B to T cell cooperation is immature in infants**44%, reducing
immunological memory*®¢457, Conjugation of polysaccharide to a carrier protein
enables the protein moiety to provide such T cell epitopes strengthening and

improving immune response longevity*°8,

This was demonstrated in the early 20" century through the discovery of altered
immune responses to protein carriers when small molecules, specifically haptens,
were chemically attached to them. Antibodies raised against the conjugate including
the attached small molecule, recognised the hapten in both its conjugated and
native form#%°. Following this, Avery and Goebel showed conjugation of small
saccharides to proteins resulted in enhanced immunogenicity, increasing
polysaccharide specific antibody titres*°. In addition, they were able to show
protection against pneumococcal type 11l strain in rabbits following immunisation
with capsular polysaccharide conjugates?*t?, triggering glycoconjugate vaccine

research.

The first glycoconjugate developed for human use was against Hib licensed
between 1987 and 199042464, Since conception, glycoconjugate vaccines have
been deemed the safest and most efficacious vaccines currently used in
immunisation schedules across the globe, significantly decreasing globally

meningitis and pneumonia disease in humans*65-467,
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1.10.2. Mechanism of Action of Glycoconjugates

Glycoconjugate vaccines composed of covalently attached protein and
polysaccharide components provide the immune system with multiple triggers,
increasing a vaccine’s protective lifetime through B and T cells memory
responses?*®. Avci et al*®® proposed a mechanism whereby conjugated
polysaccharide is detected by innate immune cells and binds to BCRs on B cell
surfaces. This triggers glycoconjugate internalisation and degradation into smaller
fragments*’°, presented on MHC class || complexes interacting with a TCRs on T
cell surfaces*®. This may be peptide fragment presentation through a classical
mechanism, and / or glycopeptide presentation through a novel mechanism leading
to the generation of CD4* T cell help through cell-cell interactions and cytokine
secretion. This in turn increases polysaccharide specific antibody levels, affinity
maturation and proliferation of polysaccharide-specific B cells from memory pools,
resulting in IgM to IgG isotype switching leading to higher antibody avidity“®°. Such
B cells present in a memory pool mean that upon subsequent encounter of the
specific antigen these cells can rapidly proliferate and differentiate into plasma cells
secreting high anti-polysaccharide antibody titres with high antibody avidity**’
(Figure 1.3).
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Figure 1.3: Schematic representation of immunological processing and presentation of
glycoconjugate vaccines by B cells to initiate T cell help effector functions.

Glycoconjugate polysaccharide antigens bind to B cell receptors (BCR) of B cells (A).

They are internalised into endolysosomes and processed by acid hydrolysis (B).

Fragments of either polysaccharide conjugated to protein (glycopeptides — novel mechanism) or
peptide fragment (classical mechanism) are presented on major histocompatibility complex (MHC)
class Il molecules on B cell surfaces (C).

T cell receptors (TCR) on T cells recognise either the glycopeptide or peptide fragment and provide
help to B cells by cell-cell interactions and cytokine secretion (D).

B cells undergo rapid proliferation and trigger random mutation in Ig genes altering BCR and
secreted antibody specificity (E).

There is also isotype switching from IgM to IgG antibodies against polysaccharide and protein

carrier components (F), and induction of memory B cell pools.

Original figure created with BioRender.com. Figure adapted from Figure 6 Avci et al., 2011467,
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1.10.3. Glycoconjugate Vaccines Related to this Work

It is of great interest and importance to investigate vaccine approaches to control
GAS disease. Glycoconjugate vaccines are a promising approach and will be
applied to selected vaccine antigens summarised Figure 1.4 for this work.
Compared to bacterial polysaccharides, there has been less attention on protein
carrier properties in glycoconjugate vaccines*’t. Recently, however, there has been
a drive for new carriers to be investigated*’?, as data suggests that repeated
immunisation with the same classical carrier for different glycoconjugate vaccines in
some cases dampens immunological potency and efficacy*’>#76, This thesis
therefore focuses on whether ‘double hit’ glycoconjugates, containing GAS protein
antigens, can be produced and invoke an immune response. The potential benefit
from additional protective antibodies directed against the protein component has

currently not been fully exploited.

Polysaccharide Proteins
+ GAC Wildtype GAS_Rha ¢ MalkE SpyCEP SpyAD
H L . H
! EmEE Bk kit i - ot &
i TRy B \ )
! 30-50 % cell Mutant from ! Membrane Cell wall Cell wall
; ' mass serial animal ' exposed anchored / anchored
S ; passage / : Secreted
! Conserved genetic ' Conserved Conserved
' knockout ' Conserved
i Encoded by gac i Binds Cell division
! operon _ : maltodextrin Cleave IL-B and ECM
Cells viable cytokine binding
Essential for Reduce virulence * ;
H ’ 2 7 g H o Adhesion to
Pathol i host survival in rabbit animal  } Upregulated Facilitate epithelial
atisalogy : model : for survivalin ~ bacteremia aﬁd
! High antibody ! saliva and sepsis pharyngeal
_., . i titres = Increased killing cells
o + protection by human whole : Colonisation Immune
i+ against strep blood and evasion Colonisation
+ throat neutrophils H
}; Anti GAC Paolyrhamnose LT;Taliregg:ﬁmc " Immunogenic  Immunogenic
J’ ; antibodies from  recognisedby  } [ neo o - neutralising
A { nautralinfection  Anti GAS sera antibodies
Immunobiol ; and conjugates ! Antibodies
o9y ' Hypothetical H rendhcz o8 Protection Protection
n.{ + GlcNAc = reduction in ' colonisation in Trom lethal from lethal
;s! . ; Immunadominant autoimmunogenic ; animal challenge in challenge in
! epitope antibodies } challenge animal model  animal model

Figure 1.4: Summary of glycoconjugate vaccine antigen selection.
Advantageous properties include favourable immunogenicity and relevant pathogenic roles for GAS
survival and infection of human hosts. Bacteriological, pathological and immunobiological roles of

selected vaccine antigens used in glycoconjugate vaccine production are stated.

Original figure created with BioRender.com.
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1.11. Research Aims, Objectives, and Hypotheses

The overall aim of my PhD project is to investigate whether novel glycoconjugate
vaccines against GAS can be developed using both chemical and biological
conjugation methodologies. In particular this work concerns two conjugation
methods, traditional chemical EDC conjugation, and biological N-linked conjugation.
The resulting glycoconjugates obtained from these methods were characterised in

terms of their physicochemical and immunogenically properties.

1.11.1. Chapter 3: Chemical Conjugation Objectives

This experimental Chapter describes the approach to obtaining purified
polysaccharide and GAS specific protein antigens for use in investigation of
chemical conjugation reactions. The suitability and optimisation of the selected

chemical reaction is also described using EDC Carbodiimide zero length linker.

1.11.2. Chapter 4: Biological Conjugation Objectives

This experimental Chapter outlines the preparation of the E. coli produced
recombinant polysaccharide components and GAS specific protein antigens for
inclusion in biological conjugation reactions. It also depicts the two experimental
methods for investigation of successful biological conjugation using PgIB
oligosaccharyltransferase enzyme.

1.11.3. Chapter 5: Immunogenicity Characterisation Objectives

This experimental Chapter concerns glycoconjugate vaccine immunogenicity.
Concerning the carrier protein, GAS proteins were investigated and compared to the
common carrier, TT for chemical conjugates and NanA for biological conjugates.
The role of the polysaccharide moiety has also been investigated through either
inclusion of polysaccharide derived from GAS cells for chemical conjugation, or
alternatively E. coli produced recombinant polysaccharide for biological

glycoconjugate vaccine inclusion.

1.11.4. Hypotheses

¢ Biological conjugation is a viable alternative to classic chemical conjugation.

e GAS carrier proteins will provide a ‘double hit’ approach to glycoconjugate
vaccines. GAS carrier proteins can effectively produce antibodies directed

against the polysaccharide moiety, in addition to protein specific antibodies.
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CHAPTER 2

Materials and Methods

Generic materials and methods stated in this Chapter were used throughout this
thesis. Experimental information relevant to addressing specific research questions

are placed in the relevant thesis sections; Chapter 3, Chapter 4, and Chapter 5.

2.1. Materials

2.1.1. Bacterial Strains

Streptococcus pyogenes (GAS) NCTC-8198 strain is an M1 serotype from Public
Health England (PHE) culture collection, isolated from an individual with scarlet
fever, and will be used for this work. Escherichia coli (E. coli) strains used in this
work are presented in relevant Chapters for either chemical (Chapter 3 method
section 3.3.1), or biological conjugation (Chapter 4 method section 4.3.1). All strains
were stored long term in 20% glycerol (Sigma-Aldrich™) at -80 °C.

2.1.2. Antibodies and Lectins

Primary and secondary antibodies as well as lectins used throughout all Chapters
are stated in Table 2.1. A short description states the purpose for use, usual
working dilution and supplier.

Table 2.1: List of antibodies and lectins used in this study.
Primary antibodies

Name Dilution Description / Use Supplier
Mouse anti- | 414 900 , . , AbCam
His Detection of His tagged recombinant GAS
Mouse anti- antigens, NanA, and AcrA proteins (biological Thermo Fisher
6x-His Tag 1:10,000 conjugation) Scientific
(HIS.H8)
Mouse 6x- . . .
sTag | Lsoo0.  Deteelnof s agged reconbinant 04 Thermo Fishe
(AD1.1.10) | 10,000 9 o eh Juga d Jug Scientific
HRP orse Radish Peroxidase (HRP)
Rabbit anti- Detection of His tagged recombinant GAS
His 1:5,000 antigens, NanA, and AcrA proteins (biological AbCam
conjugation)
Goat anti- 1:1,000 - ) Thermo Fisher
GAS pAb 5,000 Detection of Group A Carbohydrate from GAS Scientific
cells (chemical conjugation) and recombinant
Rabbit anti- : rhamnose variants (biological conjugation)
GAS pAb 1:5,000 AbCam
Guinea Pig . . . .
10/132 TT 1:200 - Detection of Tetqnus Tox0|d (chemical NIBSC
N 800 conjugation)
antitoxin
Horse Detection of Tetanus Toxoid (chemical
60/013 TT 1:200 . h NIBSC
o conjugation)
antitoxin
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Secondary antibodies

Name Dilution Description / Use Supplier
Goat anti-
mouse IgG Development of primary .
IRDye® | 1:10,000  antibodies raisedin ' uorescent detection LI-COR®
. ; in red channel
conjugated Goat species
660RD
Rabbit anti-
goat 1gG Development of primary .
RDye® | 110000  antibodies raised in - 1orescent detection LI-COR®
conjugated Rabbit species
680RD
Donkey anti-
Guinea Pig Development of primary .
IgG IRDye® | 1:10,000 antibodies raised in | lorescent detection LI-COR®
. X ; . in red channel
conjugated Guinea Pig species
680RD
Goat anti-
Rabbit IgG Development of primary .
IRDye® 1:10,000 antibodies raised in Fllir?re;sec:nnigg‘encéllon LI-COR®
conjugated Rabbit species 9
800CW
Rabbit anti-
Goat IgG Development of primary .
RDye® | 1:10,000 antibodies raisedin o coont detection LI-COR®
conjugated Goat species 9
800CW
Rabbit anti- Development of primary HRP conjugated Thermo
Goat IgG 1:10,000 antibodies raised in detection by Pierce Fisher Scientific
HRP Goat species ECL
Streptavidin I . HRP‘conjuga_ted
1:5,000 Biotin detection detection by Pierce BD Pharmingen™
HRP
ECL
IRDye® .
680RD | 1:10,000 Biotin detection Fluorescent detection LI-COR®
- in red channel
Streptavidin
Rabbit anti- . .

) 1: Detection of human IgG HRP conjugated . A A~ TM
human196- 1 20,000 in IVIG detection by TMB Sigma-Aldrich
Rabbit anti- .

) 1: : HRP conjugated - KT
MOIﬂssligG 20,000 Detection of mouse IgG detection by TMB Sigma-Aldrich

Goat anti- . Detection of Guinea Pig HRP conjugated . i I
Guinea Pig 1:200 IgG detection by TMB Sigma-Aldrich
Lectins
Name Dilution Description / Use Supplier
B_|ot|n- . GIcNAc detection for GAC extracted from WT GAS Vector
conjugated 1:2,500 A lls (chemical . . .
SWGA and Agacl GAS cells (chemical conjugation) Laboratories
Biotin- . T
conjugated 1:2500 GalNAc and .Gal dgtect]on for C jejuni Vector
SBA t heptasaccharide (biological conjugation) Laboratories
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2.2.  DNA Manipulation

2.2.1. Cloning Materials

Commercial and cloned plasmid constructs (Table 2.2) and primers (Table 2.3)

used in this work are presented for either chemical or biological conjugation

purposes. Oligonucleotides were ordered from Integrated DNA Technologies (IDT),

Thermo Fisher Scientific or TwistBioscience. Primer properties were checked in

terms of melting temperature and secondary structure using the NEB Tm calculator

(https://tmcalculator.neb.com). All restriction enzymes were sourced from New

England Biolabs.

Table 2.2: Plasmids used in this study.

Plasmid Description Source
High copy number protein expression vector with .
PET282 kanamycin resistance cassette and T7 promoter Commercial
pET28a_malE pET28a carrying full length MalE This study
pET28a_spyCEP pET28a carrying SpyCEP fragment This study
pET28a_spyAD pET28a carrying full length SpyAD This study
pET28a_plyC pET28a carrying PlyCA and PlyCB monomer This study
pUC19 High copy number plasmid with ampicillin Commercial
resistance cassette and lac promoter
UC19 kanR pUC19 harbouring kanamycin resistance This stud
PLRAe cassette y
UC19 kanR oacl pUC19 harbouring kanamycin resistance This stud
P - -9 cassette and gac locus homology arms y
Low copy number protein expression vector with
pEXT21 spectinomycin resistance cassette and tac 4Tt
promoter
pEXT21_pglB pEXT21 carrying full length PgIB 478
pPEXT21_malE PEXT21 carrying full length MalE This study
pPEXT21_spyAD pEXT21 carrying full length SpyAD This study
PEXT21_AcrA pPEXT21 carrying full length C. jejuni AcrA 479
pACYC carrying pgl glycosylation locus from C. 480
PAGHE [ElERl jejuni with inactivated PgIB
ECA415 Medium copy number plasmid with ampicillin 481
P resistant cassette and PBAD promoter
pEC415_malE pECA415 carrying full length MalE This study
pEC415_spyCEP pECA415 carrying SpyCEP fragment This study
pEC415 spyAD pECA415 carrying full length SpyAD This study
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Table 2.3: Oligonucleotides used in this study.
F = forward and R = reverse 5’ — 3’. RE = Restriction Enzyme site.

Primer Name (F/R) Sequence 5'to3' RE Site  Tm
T7F TAATACGACTCACTATAGGG 53.2
T7R GCTAGTTATTGCTCAGCGGT 57.3
pUCmut F CCATGGGACGTCTAAGAAACCATTATTATCATG Ncol 58.9
pUCmut R CTCGAGGTAACTGTCAGACCAAGTTTACTC Xhol 59.3
kan F CTCGAGGACGCTCAGTGGAACGAAAAC Xhol 59.8
kan R CCATGGCCGCTCATGAATTAATTCTTAGAAAAAC Ncol 59.8
pUCseq GGTGGCCTAACTACGG 54.3
puCmcs F GCGTAAGGAGAAAATACCG 54.5
puCmcs R GCCGATTCATTAATGCAGCT 55.3
spyAD1 F GCAGCTCAAACGGCTAATG 56.7
SpyAD2 F CCTAATGCGCCTGTTTACC 56.7
spyAD1 R GCGCTCACGTATCACTTG 56

SpyAD2 R CCATAATGCCCTGATACCC 56.7
gacHJK F CAAGCCTATCACAGTGGTG 56.7
gacHJK R GCTGTTGATAAACTTCCTAAC 54.3
gacl Internal F GGTTGAGGTATTAGTTCAATC 54

gacC F GCAAACAGTTAACGACTGG 59.8
gacD R CCAATAAAAGCGCTACTGG 59.4
PgIB F GAGGGCGCAAGAGATATGAT 62.5
PglB R CATCGCTTAAAACCACTCCGT 62.5
pEXT21 MSC F GTGAAGGTGAGCCAGTGAG 63

pEXT21 MSC R CCGACTGGAAAGCGGG 62.6
PEXT21seq F GGTATGGCTGTGCAGGTCGT 67.6
pPEXT21seq R GCTTAATTTGATGCCTGGCA 62.3
SpyCEP F GCCGCTGCTACTGGAG 62.5
SpyCEP R CTCCAGTAGCAGCGGC 62.5
pPEC_segF GACGAAATCACTCGTCTGTG 57.3
pEC_seqR GCCACCTGACGTCTAAGAAA 57.3
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2.2.2. DNA Isolation

Bacterial DNA was isolated from 1 colony forming unit (CFU) from an agar plate in
50 ul nuclease free water boiled for 10 minutes at 100 °C and spun for 5 minutes at
13,000 x g to isolate DNA in the supernatant and stored at -20 °C for colony
Polymerase Chain Reaction (cPCR) purposes. Alternatively, 1.5 ml GAS overnight
cultures were pelleted at 14,000 x g for 2 minutes incubated with 300 ul 5% wi/v
Chelex® 100 Resin (Biorad). Thoroughly vortexed suspensions were boiled for 10
minutes at 100 °C and spun at 13,000 x g for 10 minutes. Approximately 80 ul of the
supernatant was removed and the DNA preparation stored at -20 °C.

QIAquick PCR purification Kit (Qiagen) was used to purify DNA for downstream
processing. For isolation of plasmid DNA from E. coli a QIAprep Spin Miniprep Kit
(Qiagen) or Monarch Plasmid Miniprep Kit (NEB) were used. All kits were used to
manufacturer’s instructions. All DNA preparations concentration and purity were
measured using a NanoDrop1000 spectrophotometer (NanoDrop Technologies,
Inc), and stored at -20 °C.

2.2.3. Polymerase Chain Reaction (PCR)

Oligonucleotide primers (IDT or Thermo Fisher Scientific) used in this work were
added to PCR reactions containing; 1 x Phusion HF buffer (20 mM Tris-HCI, 100
mM KCI, 1 mM dithiothreitol (DTT), 0.1 mM ethylenediaminetetraacetic acid (EDTA),
200 pg/ml bovine serum albumin (BSA), 50% Glycerol, 1X stabilisers) (NEB), 0.2
mM deoxyribonucleotide triphosphate (ANTPs), 0.2 mM primers, 1 unit Phusion
DNA polymerase (NEB), 1 pl DNA template and molecular grade distilled water to a
final reaction volume of 50 or 20 ul. Standard thermo-cycling conditions were as
follows; 98 °C for 30 sec; 98 °C for 10 sec, annealing and extension temperature
tailored to specific reactions for 30 sec and 1 min/kb respectively for 35 cycles; and
72 °C for 4 mins for a final extension. These were run in either a DNA Engine Tetrad
2 Thermal cycler (Bio-Rad Laboratories Inc.) or a Veriti 9902 Thermal Cycler

(Applied Biosystems ABI).

2.2.4. Gel Electrophoresis

PCR products were separated on 1 — 1.5 % w/v agarose gels stained with 1:10,000
SafeView Nucleic Acid Stain (NBS Biologicals) or GelRed Nucleic Acid Gel Stain
(Biotium) with a 1 Kb DNA Hyperladder (Bioline). Samples were mixed with x4 DNA
Loading Gel Dye (NEB) and run routinely at 100 - 120 volts and 500 mAmps in 1x
Tris-borate-EDTA (TBE) buffer. After 30 — 60 minutes PCR products were visualised
using a Gene Genius Bio Imaging System Gel Doc System (Syngene PXi).
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Amplified DNA in some cases was purified from extracted agarose bands using a
QIAquick Gel Extraction Kit (Qiagen) according to manufacturer’s instructions for

downstream ligations.

2.2.5. Restriction Digestion

Plasmids used each Chapter are stated in Table 2.2. Digestion reactions used for
cloning contained 1x CutSmart reaction buffer (10 mM Bis-Tris-Propane-HCI, 10
mM MgClz, 100 pg/ml BSA) (NEB), 50 — 500 ng/ul of insert or plasmid DNA, 20 unit
of restriction enzyme and molecular grade distilled to a final volume of 20 — 50 pl.
Reactions were incubated at 37 °C for either 1 hour for insert DNA or 3 hours for
plasmid DNA. 5’ phosphate was removed by adding 5 units of Antarctic
phosphatase (NEB) to prevent self-ligation of plasmids in 1 x Antarctic phosphate
buffer (50 mM Bis-Tris-Propane-HCI, 1 mM MgCl», 0.1 mM ZneCl,) (NEB). This was
added directly to digestion reactions and left for 15 minutes at 37 °C before
increasing the temperature specific to inactivate the enzyme (65 — 80 °C). Digested
plasmids and inserts were resolved on 1 — 1.5 % agarose gels before being added

to ligation reactions.

2.2.6 DNA Ligation

Ligation reactions were set up to contain insert to plasmid DNA ratios 3: 1 or 5 :1.
Either 1 unit of Quick-Stick Ligase (Bioline) or T4 DNA ligase (NEB) buffer (10 mM
Tris-HCI, pH 7.4, 50 mM KCI, 1 mM DTT, 0.1 mM EDTA, and 50% glycerol) with 1x
Quick-Stick Ligase (Bioline) or T3 DNA ligase (NEB) respectively were added.
Reactions were left for 15 minutes or 3 hours at room temperature for Quick-Stick
Ligase or T3 DNA ligase respectively. DNA was used for E. coli transformations or
frozen at -20 °C.

2.2.7. Transformation and Clone Screening

Heat shock was generally used to transform E. coli cloning strains. In short, thawed
chemically competent E. coli cells were chilled on ice for 30 minutes and mixed
gently with 1 - 5 pl ligation reactions. Cells were incubated at 42 °C for 30 seconds
and then chilled on ice for 2 — 5 minutes. 950 pl of Super Optimal broth with
Catabolite repression (SOC) broth was added to cells and incubated at 37 °C, 180
rpm shaking for 1 hour. Following recovery 150 pl of culture was spread onto LB
agar plate containing appropriate antibiotic. Specific electrorotation methods to
transform glycoengineering E. coli strains in Chapter 4, or GAS cells to generate a

mutant in Chapter 3 are stated in the specific Chapters.
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Single colonies were screened for desired constructs through cPCR with
oligonucleotide primers designed to anneal at regions flanking the plasmids MCS
(Table 2.3). Alternatively, restriction digests were used as a tool to confirm positive
clones. A single colony was grown overnight in LB supplemented with appropriate
antibiotic for plasmid retention and digested with specific restriction endonucleases
flanking the MCS insert site and visualised on a 1 — 1.5 % wi/v agarose gel for
specific fragmentation patterns. Any potential insert positive clones were confirmed
with DNA sequencing. Purified DNA and plasmid samples were sequenced using

SourceBioscience or Eurofins Genomics according to company requirements.

2.3. Protein Technigues
2.3.1. SDS-PAGE
For sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 5 - 10

Ml of sample was mixed with 1x NUPAGE lithium dodecyl sulfate (LDS) sample
buffer (141 mM Tris base, 106 mM Tris HCI, 2% LDS, 0.51 mM EDTA, 0.22 mM
SERVA Blue G-250, 0.175 mM phenol red) pH 8.5 (Thermo Fisher Scientific), and
heated at 70 °C for 10 minutes. Pre-cast 10% or 4 — 12 % NuPAGE Bis-Tris gels
(Thermo Fisher Scientific) were used in 1x 3-(N-morpholino)propanesulfonic acid
(MOPS) (Thermo Fisher Scientific) or 1x 2-(N-morpholino) ethanesulfonic acid
(MES) (Thermo Fisher Scientific) buffer chosen according to size of proteins for
resolution. Gels were run for 30 — 60 minutes at 180 V. PageRuler Plus Prestained
Protein Ladder (Thermo Fisher Scientific) was used as a protein marker. Gels were

visualised by Coomassie or western blotting.

2.3.2. Coomassie Staining

Gels were incubated with Coomassie stain (0.01 % Coomassie Brilliant Blue stain

R250 (Thermo Fisher Scientific), 10% Acetic Acid (Sigma-Aldrich™), 40 % Ethanol
(Thermo Fisher Scientific)) at room temperature for 30 minutes shaking. Gels were
then de-stained in 10% Acetic Acid, 40 % Ethanol solution, and visualised with the

Sygene Pxi gel doc system.

2.3.3. Protein Purification — Affinity Chromatography

Proteins and glycoproteins were purified from lysates through their Histidine tags.
For protein antigens used in chemical conjugation (Chapter 3), and large scale
bioconjugation E. coli strains (Chapter 4) samples were applied to a NTA-Ni 1 ml
HisTrap™ IMAC column (Cytiva), attached to AKTA start protein purification system
(Cytiva). In short E. coli cells were lysed by resuspending the pellet in lysis buffer
containing 500 mM Tris-HCI, 50 mM NacCl, 4 ug/ml DNase (Sigma-Aldrich™), 100
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pg/ml lysozyme (Sigma-Aldrich™), and 1x Bugbuster® (Merck), pH 7.5. Lysates
were spun at 13,000 x g for 10 minutes and the supernatant containing soluble
protein / glycoprotein was 0.2 um filter sterilised and applied to the column. At a flow
rate of 1 ml/min wash buffer (50 mM Tris-HCI, 500 mM NacCl, 20 mM Imidazole, pH
7.5) was applied and equilibrated the chromatography system. Elution buffer (50
mM Tris, 50 mM NacCl, 250 mM Imidazole, pH 7.5) applied at 1 ml/min was used to
elute His-tagged proteins / glycoproteins. Elution fractions corresponding to a peak
on the UVasonm chromatograph trace of the nickel affinity purification were analysed
by SDS-PAGE and western blot.

For small scale bioconjugation reactions (Chapter 4) NINTA beads (Qiagen) were
used. NiINTA beads were added directly to lysate samples, left rotating for 1 hour at
4 °C in a microcentrifuge tube. Bound His tagged protein samples were harvested
through washing of the resulting pellet from a 5 minute spin at 13,000 x g with 1 ml
of wash buffer (50 mM Tris-HCI, 300 mM NacCl, 20 mM imidazole, pH 8) three times.
Each wash step was left for 10 minutes at 4 °C, before another 5 minute 13,000 x g
spin, before the supernatant was discarded and 75 pl of elution buffer (50 mM Tris-
HCI, 300 mM NacCl, 250 mM imidazole, pH 8) was added to the pelleted resin. The
tube was inverted multiple times at room temperature before a final 13,000 x g
centrifugation for 1 minute, and 75 pl of the supernatant containing the eluted

protein / glycoprotein was removed and stored at - 20 °C before analysis.

2.3.4. Protein Purification — Size Exclusion Chromatography

Unless started otherwise, pooled fractions were applied to a HiPrep 16/60
Sephacryl S-300 HR column (Cytiva) attached to an AKTA start protein purification
system (Cytiva). The equilibrated column was run with size exclusion buffer (500
mM Tris, 150 mM NacCl pH 7.5, or Phosphate Buffered Saline (PBS) pH 7.4), and
samples collected in 1 ml fractions over 1.5 column volumes. Eluted fractions with a
peak on the UVag trace were analysed for purity by Coomassie stained SDS-PAGE

and by western blot.

2.3.5. Endotoxin Removal

To remove residual endotoxin from preparations, Pierce™ High Capacity Endotoxin
Removal Resin (Thermo Fisher Scientific) was used. Prior to sample application,
resin was regenerated overnight with 0.2 N NaOH, washed and equilibrated with
endotoxin-free size exclusion buffer (PBS pH 7.5) three times, before samples were
applied and incubated for 4 — 16 hours, followed by elution by a spin at 500 x g for 1

minute. Manufactures instructions were followed.
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2.4. |Immunoassays
2.4.1. Western Blotting and Dot Blots

iBlot 2 Dry blotting system (Thermo Fisher Scientific) was used for transfer of
samples from SDS-PAGE Bis-Tris gels to nitrocellulose membranes. Transfer
stacks were assembled and loaded as per manufacturer’s instructions onto the iBlot
and transferred for 7 minutes (1 minute at 20 V, 4 minutes at 23 V, 2 minutes at 25
V). After transfer nitrocellulose membranes were blocked with blocking buffer 1x
PBS, 0.1 % Tween20 (Sigma-Aldrich™) (PBS-T), and 5% skimmed milk (Marvel))
for 1 hour. When blotting with soybean agglutinin (SBA) lectin (Vector Laboratories)
(Table 2.1), milk was not used in PBS-T blocking buffer due to non-specific binding
of the lectin. However, in general for antibodies, blocking buffer was replaced with
buffer containing PBS-T, 1 % milk and the primary antibody incubated for 1 hour
(Table 2.1) or PBS-T alone for lectin staining. Membranes were washed three times
with 1x PBS-T for 5 minutes before incubation with the secondary antibody in PBS-
T alone or 1 % milk supplementation (Table 2.1). All incubations and wash steps
were conducted at room temperature on a plate rocker, with incubation with the
secondary antibody being performed in the dark for fluorescent antibodies (Table
2.1).The membrane was washed three more times with PBS-T for 5 minutes before
the fluorescent signal in two channels, 700 and 800 nm, was detected using an
Odyssey CLx LICOR detection system (LI-COR Biosciences, USA). This uses a
solid-state diode laser at wavelengths 685 and 785 nm respectively to scan the
image dependant on the IRdye conjugated to the secondary antibody. Alternatively,
blots stained with horseradish peroxidase (HRP) conjugated antibodies were
developed with Pierce ECL detection (Thermo Fisher Scientific) and imaged with
Sygene Pxi gel doc system. Such methods were used to assess recombinant
protein and polysaccharide production, native polysaccharide extraction as well as

verify glycoconjugate production.

Alternatively, 5 ul of samples were routinely dotted onto pre-cut 2 ym pore size
nitrocellulose membranes (Thermo Fisher Scientific) and allowed to dry before
blocking and development with appropriate antibody combinations and dilutions as

stated above.

2.4.2. Enzyme Linked Immunoassays (ELISA)

All ELISA followed a similar format coating wells of MaxiSORP 96-well plates
(Thermo Fisher Scientific) with 50 pl/well specific antibodies or purified recombinant
protein antigens or polysaccharide diluted in carbonate buffer pH 9.6 (1.59 g/L

sodium carbonate, 2.93 g/L sodium hydrogen carbonate) left overnight at 4 °C.
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Routinely plates were washed 7 times with PBS-T and blocked with 100 pl/well
Assay Diluent (AD) (PBS supplemented with 0.01 M EDTA, 0.3 % Tween 20 and
1% BSA (Sigma-Aldrich™)) for 1 hour at 37 °C, before washing again seven times
with PBS-T. Samples were added and titrated either across or down the plate,
specific to each assay as stated in Chapters 3 — 5 in a final volume of 50 — 100
ul/well, left for 1 — 2 hours at either room temperature or 37 °C. 100 pl/well AD alone
was routinely used to assess assay background. 100 pl/well of specific primary
antibodies for detection were routinely diluted in AD buffer and added to washed
wells left for 1 hour at room temperature. If necessary 100 pl/well secondary
antibodies were applied to washed wells diluted in AD buffer for 1.5 hours at 37 °C.
Plates were then washed 7 times, and plates submerged in PBS-T for 10 — 15
minutes where non-specific reactivity was observed to minimise background. Plates
were developed by addition of 100 pl/well room temperature 3,3',5,5'-
tetramethylbenzidine substrate (TMB) (Thermo Fisher Scientific) incubated at room
temperature for 15 minutes before the reaction stopped by adding 100 ul/well of 1 M
sulphuric acid. Plates were read at 450 nm wavelength on a VMax® Kinetic ELISA
Microplate Reader (Molecular Devices) and antibody titres calculated by the serum
dilution which gives ODasonm Of 0.5 using the interpolation of a sigmoidal curve in
GraphPad Prism.

2.5. Quantification Technigues

2.5.1. Protein Quantification

The bicinchoninic acid (BCA) assay (Thermo Fisher Scientific) was used for
quantification of protein / glycoprotein samples in a 96-well plate format. According
to manufacturer’s instructions known concentrations of BSA were used to generate
a standard curve to enable calculation of protein concentration by rearranging
y=mx+c (y = absorbance of protein of interest, m = gradient, ¢ =y intercept, and x =
concentration of protein of interest). Standards and sample were diluted in the same
buffer, often PBS pH 7.4, and measured at 570 nm wavelength using VMax®
Kinetic ELISA Microplate Reader (Molecular Devices). Data was plotted in Microsoft

Excel to generate a standard curve to determine protein concentration.

2.5.2. Polysaccharide Quantification

GAC variants (Chapter 3) and E. coli produced recombinant rhamnose variants
(Chapter 4) were quantified using Anthrone colourimetric assay, use to detect
hexoses through the formation of a yellow-green coloured complex. A 1 mM stock of
polysaccharide repeating unit comprising of either 2 x L-rhamnose (Sigma-
Aldrich™) 1 x GIcNAc (Sigma-Aldrich™), or just 2 x L-rhamnose (Sigma-Aldrich™),
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was prepared in water and used to generate a standard curve (7.5 — 100 nM). 0.2%
anthrone (Sigma-Aldrich™) was prepared in sulphuric acid (Sigma-Aldrich™). In
triplicate, either standards or samples were diluted in the same buffer matrix, either
water or PBS pH 7.4, in a final volume of 300 pl, with 600 pl of anthrone reagent
added to the tubes before they were mixed by vortexing. Samples and standards
were heated for 15 minutes at 95 °C in an oil bath before cooling to room
temperature. 300 pl of each reaction was added to a flat bottomed 96 well plate
before absorbances were read at 625 nm measuring hexose chromogenic cyclic-
furfural intermediate generation by POLARstar Omega plate reader
spectrophotometer (BMG LABTECH).

Buffer blank subtracted absorbances were used to determine the concentration of
unknown polysaccharide containing samples based on the repeating unit standard
concentrations and absorbances. A conversion factor based on these repeating
units was also used to calculate resulting concentrations. Data was plotted in
Microsoft Excel to generate a standard curve. Within the range of the assay the
absorbance is directly proportional to the amount of hexose present within a
sample. Note that small scale Anthrone assays were also carried out due to sample
volume constraints. Assays were carried out with reduced total reaction volumes of
either 600 pl (1 : 2 sample : anthrone), or 400 pl (1 : 4 sample : anthrone) with
overall reduced sensitivity of 15 nMol repeating unit standard.

2.6. Data Analysis and Presentation

2.6.1. Statistical Analysis

For all statistical tests, p<0.05 was considered significant. One-way ANOVA,
Kruskal-Wallis, Mann-Whitney U tests, and Unpaired T test were performed in
GraphPad Prism 9.3.1 for Windows, GraphPad Software, San Diego, California
USA, www.graphpad.com. All graphs were also plotted using GraphPad Prism
Version 9.3.1.

2.6.2. Scientific Diagrams
All diagrams in this thesis are original and created in BioRender with a publication
license as the proof of publication rights. These are identified with “Created with

BioRender.com.” in such figure legends.
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CHAPTER 3

Use of Chemical Conjugation to Manufacture GAS

Glycoconjugate Vaccines

3.1. Introduction

Following Avery and Goedel’s discovery, conjugation, the covalent attachment of
two or more molecules has been routinely used to enhance polysaccharide based
vaccine immunogenicity*®°. Licenced glycoconjugate vaccines, comprised of
polysaccharide or capsule and protein components attached using chemical
approaches, are successful due to such components providing the immune system
with multiple triggers, increasing the vaccine’s protective lifetime through memory
responses?*®. The work in this Chapter investigates the suitability of wildtype and
modified Group A Carbohydrate (GAC) as potential glycoconjugate polysaccharide
vaccine components, for coupling to a panel of GAS specific protein carriers, using

chemical conjugation methods.

3.1.1. Group A Carbohydrate (GAC) Properties Related to Glycoconjugate

Vaccine Production

GAC is a species defining conserved feature of all circulating GAS
serotypes!®’147:482  Antibody binding experiments have shown that GAC polymers
are mainly localised to the outer surface of the GAS cell wall**’, via covalent
phosphate ester linkages to N-Acetyl-Muramic acid (MurNAc) within the repeating
N-Acetyl-Glucosamine (GIcNAc) -MurNAc chain of peptidoglycan®3484 GAC can
also be interconnected via phosphodiester bonds within the “mesh-like” structure of
the peptidoglycan®®?483 peing highly abundant making up 40 to 60% of the total cell
wall mass®®'. This surface localisation makes GAC of interest as a glycoconjugate
polysaccharide component from an immunogenicity perspective, as well as

practically for extraction from GAS cells for chemical coupling reactions.

Immunological studies have revealed that both GAC#%®44% and synthetic GAC
related oligosaccharide fragments of varying chain lengths3®48® are immunogenic
and accessible to antibody binding despite encapsulation*®. Additionally, anti-GAC
antibodies have been shown to be protective, highlighted in a study of Mexican
children which showed high titres of GAC specific IgG antibodies correlated with

protection against throat carriage*°.
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Therefore, GAC has been included an as antigen in GAS specific vaccines, but
alone is unlikely to be strongly immunogenic, as polysaccharides fail to induce T cell
memory responses. In order to boost GAC immunogenicity, a small number of
groups have conjugated it to a small panel of protein carriers. These have included
classical carrier proteins such as Tetanus Toxoid (TT)**° and CRMig7, @ Non-toxic
mutant diphtheria toxin'*°. TT-GAC conjugates protected mice from intranasal
colonisation and intraperitoneal lethal challenge of two different M GAS
serotypes*®®, whereas GAC conjugated to CRMig7 investigated size dependent
immunogenicity, using varying lengths of synthetic polymers, also generated

protective antibodies!*®.

Despite promise with wildtype GAC vaccines, the GIcNAc sidechains on the
polyrhamnose backbone has been associated with ARF development following
serological specificity studies*®. Experimentally both within this work, and the work
of others, the discovery of the gac operon has allowed the generation of GAS
mutants possessing a rhamnose polymer devoid of GIcNAc sidechains through
knockout of the gacl gene!*. Recent data has shown antibodies also recognise
rhamnose epitopes within polymer backbones!##12, Therefore, such modified GAC
variants have been evaluated as a universal GAS vaccine antigen, testing their
immunogenicity, and potential to improve vaccine safety. When conjugated,
modified GAC was able to generate anti-GAC antibody responses comparable to
wildtype GAC**, showing disease reduction with partial protection from bacteraemia
and skin infections®%, without any cross-reactivity with human heart or brain tissue

lysates*!2.

Such studies therefore show promise for both wildtype and mutant GAC
polysaccharides as a glycoconjugate vaccine component, but there is limited
information on the direct comparison of the performance of each polysaccharide,
and the effects of their conjugation to novel protein carriers. This will be discussed

in the context of using chemicals for linkage.

3.1.2. Glycoconjugate Protein Carriers

Protein carriers selected for inclusion in glycoconjugate vaccines are ideally
themselves immunogenic, which when conjugated to polysaccharides antigens can
enhance immunogenicity via long-lasting T-cell dependent and memory antibody
responses. Suitable protein carriers must therefore enable induction of effective
anti-polysaccharide immune responses and be compatible with conjugation

techniques, being safe and produced at high yields and low cost#7%:472487,
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3.1.2.1. Traditional Chemical Glycoconjugate Protein Carriers

Traditionally carrier proteins included in currently licenced glycoconjugate vaccines
are heterologous to the vaccine candidate organism®-472, There are currently five
carrier proteins in licenced glycoconjugate vaccines; TT, DT, CRMig7, recombinant
E. coli produced Haemophilus protein D (PD), and outer membrane protein complex
of serogroup B meningococcus (OMPC)%+472 (Table 3.1). TT, DT and CRMig; are
detoxified bacterial toxins by chemical or genetic means, routinely used in
glycoconjugate vaccines due to established safety records*’, extensive vaccination
history4’? and availability at industrial scale. OMPC and PD are less established,
with OMPC used for a Hib*® and a second generation pneumococcal conjugate
vaccine®®, and PD for a multivalent pneumococcal conjugate vaccine®®%4%t, These
carriers have been successful due to their compatibility with well-characterised
conjugation chemistries, and their ability to induce effective long lasting anti-
polysaccharide immune responses*’t. TT will be used in this work as a classical
carrier protein, to validate the selected conjugation chemistry, as well as facilitate

comparisons with GAS specific protein carriers.

3.1.2.2. Novel and Pathogen Specific Protein Carriers

Compared to bacterial polysaccharides, there has been less attention on protein
carrier properties in chemical glycoconjugate vaccines*’t. However, following
evidence of sub-optimal performance with traditional protein carriers*’3-47¢ it is of
interest to investigate alternative protein antigens for inclusion. This has been
exploited for chemical coupling reactions with EXoA protein, a recombinant non-
toxic form of Pseudomonas aeruginosa exotoxin A used in a chemical
glycoconjugate in clinical trials*9>=*%4, In terms of GAS specific protein antigens
selected as carriers within chemical glycoconjugate vaccines, a number have been
investigated over the last few years. Specifically these include C5a peptidase
protein?t3447  SpyCEP and SLO*, as well as SpyAD*'2. In these studies, addition of
GAS specific proteins have shown favourable immunogenicity, generating
opsonophagocytic IgG antibodies, which can protect mice from disease, as well as

reduce mortality following GAS challenge®'2413.447,

3.1.3. Chemical Conjugation Approaches

Chemical conjugation approaches generally requires extraction and purification of
polysaccharide directly from the organism’s cell wall or capsule against which you
wish to protect against before covalent attachment to purified recombinantly
expressed protein carriers (Figure 3.1a-c). It may also entail recombinant production

of both protein and polysaccharide components before chemical coupling.
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Polysaccharides can be attached to proteins by applying a variety of different
chemical approaches. Conjugation chemistries can utilise naturally present reactive
groups or alternatively add in cross-linking reagents to artificially introduce
compatible reactive groups for attachment. Such cross-linking reagents facilitate
either site directed attachment, where the linker is released from the final product or
alternatively can become part of the conjugate structure. Incorporation of linkers to
either protein or polysaccharide components can render them more prone to
conjugation improving attachment levels, however, it can also damage
confirmational epitopes in the process. Alternatively, or in addition to linker
attachment, polysaccharide or proteins can be chemically modified through
activation approaches to yield compatible reactive groups for attachment. This can
be through reducing end selective terminal activation, or random multiple activation
along polysaccharide chains*®® (Figure 3.1d). The choice of chemical conjugation
approach, and whether to include linkers and / or activation / derivation steps, is
often governed by structure, size, and composition of vaccine components*. For
example larger polysaccharides are usually randomly activated, and smaller

polysaccharides activated at the reducing end to preserve protective epitopes®.
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Figure 3.1: Simplified schematic representation of chemical conjugation.

Polysaccharide (PS) is extracted from the native organism, e.g. GAC from GAS cells (A), and
recombinant protein carriers expressed and purified from E. coli cells (B). Extracted polysaccharide
and recombinant protein carriers containing compatible reactive groups are conjugated together
using a compatible cross-linking chemical reagent (C) yielding heterogenous glycoconjugate
vaccine candidates depending on the selected approach (D). Schematic shows different
approaches yielding different glycoconjugate species, with reducing end chemistries leading to
terminal single ended glycoconjugate products, termed “sun-like structures, and random activation
chemistries yielding cross-linked “mesh-like” structures of higher molecular weights with several

attached protein - polysaccharide molecules.

Original figure created with BioRender.com.
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No single chemical conjugation method is preferred in manufacturing. Table 3.1
highlights the variety of chemical approaches used in licenced commercially
available glycoconjugate vaccines. There are however common reactive groups
targeted by these chemistries, for example amine groups on carrier proteins, usually
in the form of surface exposed lysine residues. Carboxyl groups are also commonly
targeted by these chemistries on either protein’s glutamic or aspartic acid residues,
or along polysaccharide chains. Such groups can be conjugated to amino or
hydrazido derivatives by carbodiimide mediated condensation, while amino groups
can be coupled with introduced groups such as succinmido ester, cyano-ester and

squarate or direct reductive amination on polysaccharides*%84%7,

Generally, linkage of polysaccharide to carrier proteins results in heterogenous
populations with random displays of glycoconjugate molecules stimulating the
immune system. Some selectivity can be achieved by modulating component
stoichiometry*®, or targeting or introducing specific non-natural amino acids on the
protein facilitating site directed attachment*®®. Such selective or milder approaches
can be important for carrier proteins with a dual purpose, such as GAS antigens
used in this study, to maintain protective B and T cell epitopes. For this reason, this
work investigates N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDC) chemistry as a zero-length linker, reducing end targeting chemical approach,
based on compatible groups predicted to be present on enzymatically extracted
GAC variants (-COOH) and recombinant protein carriers containing surface

exposed lysine residues (-NHz).
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Table 3.1: Choice of chemical conjugation strategies in licensed commercially available
glycoconjugate vaccines.
The table denotes the vaccine manufacturer, carrier protein, polysaccharide and conjugation

chemistry used to produce glycoconjugate vaccines against particular pathogens.

Carrier . Conjugation
Pathogen Manufacturer Protein Polysaccharide Chemistry
ActHIB/Sanofi us Native )
Pasteur polysaccharide
Hiberix/GSK us Size-reduced )
Haemophilus influenzae vaccines polysaccharide
type B (Hib) Quinvaxem/GSK CRM Depolymerised Active ester
vaccines 1o7 polysaccharide chemistry
PedvaxHIB/Merck ~ OMPC Native .
polysaccharide
NeisVac-C/Pfizer TT NEHYE . Re(Ijuct.lve
polysaccharide amination
Meningitec/Nuron CRMis7 Native Reductive
Neisseria meningitidis Biotech polysaccharide amination
serogroup C Menjugate/GSK CRM Depolymerised Active ester
vaccines 197 polysaccharide chemistry
Menitorix/GSK T Size-reduced :
vaccines (with Hib) polysaccharides
Neisseria meningitidis MenHibrix/GSK T Native i
serogroup CY vaccines (with Hib) polysaccharides
Menactra/Sanofi DT Depolymerised )
Pasteur polysaccharide
Neisseria meningitidis Depolymerised Active ester
serogroup ACWY LEDTEDEEL SRl hew polysaccharide chemistry
. o Size-reduced Active ester
NI TEr v polysaccharide chemistry
Streptococcus
pneumoniae serogroup ' Native Reductive
4, 6B, 9V, 14, 18C, 19F, Prevnar/Pfizer CRMzs7 polysaccharide amination
23
Streptococcus NTHi
pneumoniae serogroup . PD Size-reduced Reductive
1, 4,5, 6B, 7F, 9V, 14, SYTHIETY DT polysaccharide amination
18C, 19F, 23F TT
Streptococcus
pneumoniae serogroup Prevnarl3/Pfizer CRMug7 Native -

1,3,4,5,6A, 6B, 7F, 9V,
14, 18C, 19A, 19F, 23F

polysaccharide

Information not available.



3.2. Aim, Hypothesis and Objectives

This Chapter describes work to develop GAS specific glycoconjugates using a
traditional chemical conjugation method. The glycoconjugates developed using this
approach will be compared to bioconjugates manufactured in E. coli host cells using
C. jejuni PgIB oligosaccharyltransferase enzyme described in Chapter 4, with their

immunogenicity investigated in Chapter 5.

This work utilises EDC conjugation chemistry to attach Group A Carbohydrate
(GACQC), extracted from wildtype and mutant GAS cells to novel recombinant GAS
protein antigens as carriers. These will be compared to the classical protein carrier
Tetanus Toxoid (TT) conjugated to GAC.

Aim: To investigate the suitability of EDC conjugation for attachment of GAC
variants to novel GAS antigens (MalkE, SpyCEP, and SpyAD) and classical TT as

carrier proteins.
Hypothesis:

e EDC chemical conjugation will be a suitable method for attachment of GAC
variants to both novel GAS antigens (MalE, SpyCEP, and SpyAD) and TT as

carrier proteins to build glycoconjugate vaccines.
Objectives:

1) Select appropriate GAS proteins to act as carriers based on pathogenesis
function, cellular localisation, and immunological properties.

2) Clone, express and purify a select panel of GAS proteins and prepare
monomeric TT classical carrier for comparison purposes.

3) Produce a GAS gacl mutant for GIcNAc deficient GAC and enzymatically
extract and purify wildtype and mutant GAC (GAS_Rha) from GAS cells.

4) Assess purified proteins and GAC variants reactive compatibility and perform
EDC based conjugation chemistry reactions to conjugate protein carriers (GAS
antigens and TT) to wildtype and GAS_Rha variants.

5) Determine successful conjugation and quantify the conjugated / unconjugated
components to calculate reaction efficiency and conjugate molar ratios.

6) Determine size and physiochemical properties of conjugate components and

resulting glycoconjugate preparations.
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3.3. Materials and Methods

3.3.1. Bacterial Strains

GAS and E. coli strains description and source used are listed in Table 3.2. All

strains were routinely stored in 20% glycerol (Sigma-Aldrich™) at -80 °C.

Table 3.2: List of E. coli and GAS strains used in chemical conjugation work.

Strains Description Source

Commercial E. coli

Ngg(a:a Commercially available DH5 derivative strain, chemically NEB
Competent competent for cloning and plasmid propagation.

Commercially available DE3 derivative strain, competent for
BL21 (DE3) | expression of His-tagged GAS protein antigens. NEB
F-ompT hsdSB(rB - mB-) gal dcm(DE3) phenotype.

Streptococcus pyogenes

Bacterial culture
S. pyogenes (GAS) strain 8198 from NCTC used to extract collections,
wildtype Group A Carbohydrate (GAC). Public Health

England (PHE).

NCTC-8198

AgacI NCTC- | S. pyogenes (GAS) strain 8198 from NCTC with gacl gene

8198 Mutant | deletion used to extract polyrhamnose (GAS_Rha). This study

3.3.2. Bacterial Growth Conditions

E. coli strains were routinely cultured in Luria-Bertani (LB) (Invitrogen™) broth at 37
°C in an aerobic atmosphere (Innova-32). For recombinant GAS protein antigen
expression to be used in chemical conjugations, BL21 (DE3) E. coli were grown in
OverNight Express instant TB media (Merck) supplemented with 10 ml/L glycerol.
Agar plates and liquid cultures of E. coli were supplemented with 50 ug/ml
kanamycin for propagation of pET28a plasmids and modified pUC19 derivatives for

Agacl GAS mutant generation.

S. pyogenes M1 strain NCTC-8198 was routinely cultured in Todd Hewitt (TH) broth
(Sigma-Aldrich™) supplemented with 0.2% yeast extract (Sigma-Aldrich™), or on
TH agar plates (TH broth supplemented with 1 % agar) (Oxoid Thermo Scientific).
GAS was incubated at 37 °C in a static 5% CO; incubator (Binder).

3.3.3. GAS Carrier Protein Selection, Cloning, Expression and Purification

3.3.3.1. Bioinformatic Analysis

Artemis Release 17.0.1 (https://sanger.ac.uk/science/tools/artemis) was used for

the visualisation of whole genome sequences, and Geneious Prime Version
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2020.0.3 was routinely used for cloning design and analysis of DNA sequence
reads. DNA and protein sequences were extracted from genome files and used for
further analysis, including BLAST against DNA Sequences selected from the NCBI

Database.

For protein analysis, SignalP-5.0 topology prediction sever

(http://www.cbs.dtu.dk/services/SignalP/) was used for signal peptide detection and

the overall protein structure was modelled using Phyre? (Protein Homology/analogY

Recognition Engine V 2.0) http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cqi?id)>®.

Whole protein sequences were tested by VaxiJen (www.ddg-pharmfac.net/vaxijen),

and Immune Epitope Database and Analysis Resource (IEDB)
(https://www.iedb.org/) indicating protein immunological properties based on

sequence auto cross covariance, and catalogues of experimental dataon B and T

cell epitopes respectively.

3.3.3.2. GAS Protein Carrier Cloning Strategy

GAS protein carrier DNA sequences were synthesised as gBlocks® Gene
Fragments (IDT) with cloned sequences stated in Appendix section 7.1.1 . N-
terminal secretion signals and C- terminal sortase or hydrophobic domains identified
using SignalP-5.0 topology prediction server were removed along with stop codons.
SpyCEP was cloned as a predicted immunogenic fragment (amino acid residues 35

— 587) of the full-sized protein rendering it functionally inactive°,

The gene sequences were engineered to contain Ncol (CCATGG) and Xhol
(CTCGAGQG) restriction sites at the 5" and 3’ termini respectively for ligation into
pET28a plasmid (Novagen) for the addition of a C-terminal x6 Histidine tag.
Additional GC bases were added after the compatible start codon ATG within Ncol
to transcribe the gene in frame. Restriction digest cloning was conducted as stated

in general methods section 2.2.5.

3.3.3.3. GAS Antigen Expression and Purification

Sequence confirmed plasmids were transformed into BL21 (DE3) E. coli via heat
shock methods (general methods section 2.2.7). Small scale expression studies
comprised of 2 ml overnight cultures of transformed BL21 (DE3) E. coli in either
autoinduction Overnight Express Instant TB Medium (Merck) or in LB as a negative
control without induction supplemented with kanamycin antibiotic. Cell pellets were
obtained by centrifugation at 4,000 x g for 10 minutes and standardised to ODsoonm =
20/ml in cell lysis buffer (50 mM Tris pH 7.5, 50 mM NacCl, 4 ug/ml DNase (Sigma-
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Aldrich™), 100 pg/ml lysozyme (Sigma-Aldrich™), and x1 Bugbuster® (Merck)).
Samples were incubated at room temperature for 15 minutes with rotation, then 10
I of total whole cell lysate was put to one side and the remainder spun at 13,000 x
g for 10 minutes. The soluble fraction was present in the supernatant and the
insoluble fraction in the pellet which was resuspended in 100 ul of PBS supplement
with 1 % SDS. Recombinant protein expression localisation was determined by
Coomassie staining SDS-PAGE (general methods section 2.3.1) with induction

compared to the uninduced controls.

Large scale cultures were grown in 300 ml autoinduction Overnight Express Instant
TB Medium (Merck) in baffled flasks at 37 °C until stationary phase (>16 hours).
Cells were harvested at 4,000 x g for 10 minutes and pellets stored at - 20 °C.
Thawed cells were treated with cell lysis buffer as above for 30 minutes at room
temperature with rotation followed by 30 minutes at 37 °C. Lysates were spun at
13,000 x g for 10 minutes and supernatant containing soluble protein was removed
and 0.2 um filter sterilised for immediate downstream purification. His-tag
purification followed by size exclusion chromatography was conducted as stated in

general methods sections 2.3.3 and 2.3.4.

Amicon® Ultra-15 Centrifugal Filters (Merck) with a Molecular Weight Cut Off
(MWCO) of 3,000 Da were used to concentrate pooled recombinant protein
fractions through spinning 4,000 x g for 15 minutes to reduce sample volume (< 1
ml). 100 pl aliquots of recombinant purified proteins were stored at -80 °C and
concentration assessed by Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific) (general methods section 2.5.1). Limulus Amebocyte Lysate (LAL) test
was performed by the Pyrogens Team (NIBSC) assessing endotoxin levels
following treatment of recombinant antigens with Pierce™ High Capacity Endotoxin

Removal Resin (Thermo Fisher Scientific) (general methods section 2.3.5).

3.3.4. Preparation of Tetanus Toxoid (TT) Monomer

The WHO 2nd IS for TT (code 04/150) was obtained from the Centre for Biological
Reference Materials (see https://www.nibsc.org/products). Monomeric TT was
obtained following resuspension of TT in 0.1 M PBS pH 7.1. One ml (0.026 g, 690 Lf
units) of TT was applied to a HiPrep 16/60 Sephacryl S-300 HR column (Cytiva)
equilibrated with 0.2 um filtered 0.1 M PBS pH 7.1 attached to AKTA start protein

purification system (Cytiva) (general methods section 2.3.4). Eluted proteins were

analysed for purity by Coomassie stained SDS-PAGE and fractions containing

purified protein pooled.
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3.3.5. Agacl Mutant Generation for Polyrhamnose Polysaccharide
(GAS_Rha) Production

3.3.5.1. Production of Chemically Competent GAS

GAS cells were grown in THY broth supplemented with 20 mM glycine overnight,

sub-cultured and grown to early log-phase (ODeoonm 0.2 — 0.4) before harvest and
incubation on ice for 30 minutes. Cells were pelleted following 5,000 x g spin and
washed three times with ice cold 10% sterile glycerol solution. Cells were

resuspended in ~ 600 pl 10% glycerol and used in electroporation reactions.

3.3.5.2. Electroporation of GAS

Electroporation cuvettes were chilled before 200 ul GAS electrocompetent cells
were added to 30 ug plasmid DNA incubated on ice for 2 minutes. Gene Pulser
system was set to 1.75 kV voltage, 400 ohms resistance, 25 puF capacitance, giving
a time constant between 8 — 10. Following electroporation, GAS cells were
outgrown in THY broth without antibiotic selection, grown statically for 2 hours at 37
°C 5% CO,, before plating on THY plates supplemented with kanamycin. Colonies
which grew on kanamycin were assumed to be plasmid single crossover integrated
clones. Colonies were re-streaked on non-selective plates four times, then used in
genomic PCR screens, obtained by 5% Chelex treatment (general methods section

2.2.2) to determine plasmid loss and gene deletion (double crossover events).

3.3.6. Polysaccharide Extraction and Purification
3.3.6.1. PlyC Purification for Enzymatic Digestion of GAS Cell Wall

An E. coli strain harbouring pET28a plasmid encoding the genetic cluster required

for PlyC enzymatic activity (plyCA active site and plyCB cell wall binding domain,
functioning is an octamer)®** was cloned by Dr. Shaw. Recombinant PlyC E. coli
were lysed in lysis/wash buffer (5 mM sodium phosphate, 1 mM EDTA, 1 mM DTT,
pH 6.1) supplemented with 4 ug/ml DNase (Sigma-Aldrich™), 100 ug/ml lysozyme
(Sigma-Aldrich™) at 37 °C for 1 hour. Suspensions were spun at 17,000 x g 10
minutes and supernatant was 0.2 um filter sterilised and applied to an HiTrap Q HP
column (Cytiva) attached to AKTA start protein purification system (Cytiva).
Lysis/wash buffer equilibrated the chromatography system, and elution buffer (5mM
sodium phosphate, 1 mM EDTA, 1 mM DTT, 1 M NaCl, pH 6.1) eluted purified PlyC
protein. Elution fractions were analysed by Coomassie stained SDS-PAGE and
pooled before being applied to a HiPrep 16/60 Sephacryl S-300 HR column (Cytiva)
equilibrated with size exclusion buffer (general methods section 2.3.4). Pooled

fractions purity was analysed by Coomassie stained SDS-PAGE.
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3.3.6.2. GAC/ GAS_Rha Enzymatic Extraction

GAS cells were harvested from overnight cultures (>16 hours) through
centrifugation at 5,000 x g for 10 minutes. Pelleted cells were resuspended and
boiled in 50 mM Tris-HCI, 150 mM NacCl, 1% SDS, pH 7.4 for 10 minutes, and
centrifuged at 5,000 x g for 10 minutes to re-pellet cells. Residual SDS was
removed by 50 mM Tris-HCI, 150 mM NaCl, pH 7.4 washes, and remaining pellets
resuspended in a reduced volume of 50 mM Tris-HCI, pH 7.4 buffer. Cells were
mechanically disrupted through 0.2 mm glass beads in a ribolyser FastPrep®-24 for
3 — 5 rounds of 60 seconds 6.4 m/s and supernatants removed once beads settled.
Beads were washed by resuspension in buffer and supernatants removed once
beads were settled. This was repeated until added buffer was transparent following
bead resuspension. Pooled washes were added to 20 mM MgSO,, 50 pg/ml DNase,
50 ug/ml RNase, 30 ug/ml hyaluronidase, incubated at 37 °C for 2 hours, before 20
pg/ml proteinase K was added and left at 37 °C overnight to remove cell

components such as DNA, RNA, and proteins.

Samples were spun at 5,000 x g for 20 minutes and the peptidoglycan pellet
resuspended in PlyC buffer (5 mM sodium phosphate, 1 mM EDTA, 1 M NacCl, pH
6) with 2 mg/ml lysozyme (Sigma-Aldrich™), 200 U/ml Mutanolysin (Sigma-
Aldrich™), 1 cOmplete™ EDTA-free Protease Inhibitor Cocktail (Roche), and 20
U/mg recombinant PlyC cell wall hydrolase incubated at 37 °C for 24 hours.
Digested cell walls were centrifuged at 5,000 x g for 20 minutes to pellet undigested
contaminants and the digested cell walls in the supernatant removed for GAC

purification (Figure 3.2).

3.3.6.3. GAC / GAS_Rha Purification

Released cell wall components were 0.2 um filtered and buffer exchanged in
Amicon® Ultra-15 Centrifugal Filters (Merck) devices with a 3,000 Da MWCO
equilibrated with loading buffer (5 mM sodium phosphate, 20% EtOH pH 8.0). Buffer
exchanged polysaccharide was applied to a 5 ml HiTrap™ Capto™ adhere column
(Cytiva), attached to AKTA start protein purification system (Cytiva), using the
sample pump following system equilibration with 5x column volumes of loading
buffer. Pump B was equilibrated with elution buffer (5mM sodium phosphate, 20%
EtOH, 200 mM NaCl pH 8.0) before 3x column volumes of wash buffer was applied
at a flow rate of 1 ml/minute to remove unbound material such as protein impurities.
Bound polysaccharide was eluted from the column with 100 % elution buffer
containing salt eluent. Based on UV2sonm chromatographs the resulting elution

fractions containing purified polysaccharide were collected and pooled before

73



dialysed using a Slide-A-Lyzer® Dialysis Cassette (Thermo Fisher Scientific) with
20,000 Da MWCO three times in dH>O overnight.

Surface proteins
Cell membrane e.g. M protein,

pili, SpyCEP

(h(;zrusrlgl:ic Peptidoglycan
acid) (cell wall) Group
A Carbohydrate

(GAC)

Reaction products

%l
‘& Mutanolysin & O
Lysozyme %‘ i. @ ;
» Y

¥y

GAC GAS_Rha

Mutanolysin,
Lysozyme and PlyC

Figure 3.2: Enzymatic extraction method of GAC and GAS_Rha from wildtype M1 NCTC-8198
strain and associated mutant Agacl GAS cells.

Schematic of a GAS cell indicating location of cell wall anchored GAC. Boxed structure shows GAC
attached to the peptidoglycan layer (cell wall) as a schematic of enzymatic targeting of the GAS
peptidoglycan layer. Mutanolysin cleaves 31,4 glycolytic bonds between GlcNAc (blue square) and
MurNAc (purple hexagon), and PlyC cleaves between the lactyl moiety from MurNAc and the first
L-Ala of the interconnecting peptide chain (yellow circles) as indicated by red arrows. Inset box

shows resulting reaction products used for conjugation reactions.

Original figure created with BioRender.com.
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3.3.7. Polysaccharide Characterisation

Dialysed GAC / GAS_Rha samples were routinely visualised by SDS-PAGE and
immunoblot, and quantified by anthrone assay as stated in general methods section
2.5.2.

3.3.7.1. Latex Agglutination

Streptococcal Lancefield group antigens were identified by latex agglutination tests
(Remel PathoDx) performed according to the manufacturer’s instructions on GAS
colonies grown on THY agar. Bacterial colonies were incubated with specific beads

with Remel™ Streptex™ Acid Extraction reagents.

3.3.7.2. Lectin Staining

Overnight cultures were centrifuged at 4,000 x g for 20 minutes, resuspended in
PBS, pH 7.4 supplemented with 30 pg/ml hyaluronidase and incubated at 37 °C for
2 hours to remove the HA capsule. Treated GAS cultures were pelleted at 4,000 x g
for 20 minutes and washed twice more in the original culture volume of PBS before
being normalised to an ODesoonm Of 0.4 or 0.8, for early or late logarithmic growth
phase cultures respectively. Suspensions were dotted onto nitrocellulose
membranes and blocked in 1X Carbo-Free™ Blocking Solution (Vector
Laboratories) for 30 minutes at room temperature. Biotinylated succinylated wheat
germ agglutinin (SWGA) (Vector Laboratories) was added for 30 minutes at room
temperature. The nitrocellulose membrane was washed three times in PBS, before
addition of IRDye® 680RD Streptavidin (LiCor) diluted in PBS (general methods
section 2.1.2). The nitrocellulose membrane was washed a subsequent three times

in PBS and imaged using Odyssey® Imaging System (Li-Cor).

3.3.7.3. Microscopy

Wildtype and mutant Agacl GAS cells were visualised using light microscopy by cell
permeable nucleic acid-selective fluorescent dye Acridine Orange (Invitrogen™)
performed in collaboration with Dr. Rob Francis at NIBSC. GAS cells were prepared
from overnight cultures centrifuged at 4,000 x g for 20 minutes and washed with
PBS, pH 7.4 before serial dilution. In tubes 0.5 ul Acridine Orange was added to 45
pl of serially diluted GAS cultures and mixed by pipetting. 10 pl of stained GAS cells
were pipetted onto each slide with a coverslip on placed on top for imaging.
Samples were protected from the light and imaged using 63x/1.2 NA H,O
immersion lens on the Leica SP8X confocal laser scanning microscope (Leica
Microsystems). Images presented are maximum intensity projections of confocal Z

stacks.
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3.3.7.4. NMR Analysis

Extracted and purified GAC and GAS_Rha structures were determined by Nuclear
Magnetic Resonance (NMR) spectroscopy performed by Dr. Tim Rudd at NIBSC,
using a Bruker 700 MHz Avance NEO spectrometer (Bruker, UK) fitted with a QCI-F
cryoprobe. Samples were washed three times by lyophilisation and resuspended in
590 ul D20 (Sigma-Aldrich™). The pulse sequence noesyprld was used, and 512
scans were measured, with a D1 of 2 s, at 298 K.

3.3.7.5. Molecular Sizing using SEC-MALS

High Pressure Liquid Chromatography coupled with Size Exclusion
Chromatography (HPLC-SEC) and Multi Angle Light Scattering (MALS) system was
used to determine molecular sizing in collaboration with Dr. Kay Lockyer (NIBSC).
The system used consisted of a Dionex ICS-5000" system pump (Thermo Fisher
Scientific (Dionex)), Dionex ICS-5000* Thermal Compartment (Thermo Fisher
Scientific), and Dionex autosampler (Thermo Fisher Scientific) fitted with a 200 pl
injection loop. A Tosoh Bioscience TSK PWXL guard column was fitted to protect
the separation of the column to trap highly adsorptive sample components and
residual particulates in either the sample or mobile phase. TSKgel® G3000pwx. and
G2000pwx. analytical columns were connected in series to obtain good separation
of polysaccharides as detected by chromatographic signals by a multi-wavelength
UV detector (Thermo Fisher Scientific) measuring 214,» and 280nm signals, in
addition to an Optilab T-rEX refractometer (Wyatt Technology Corp.), a DAWN-
HELEOS Il 18-angle light scattering detector (Wyatt Technology Corp.) and a Visco-
Star-Il Viscometer (Wyatt Technology Corp.). 95% PBS pH 7.4 and 5% HPLC
grade Acetonitrile (ACN) (VWR chemicals) were ultra-filtered through MF-Millipore®
0.10 ym pore size membrane filters and used as eluent at a flow rate of 0.3
ml/minute. Generally, 50 pg of polysaccharide at a concentration of 500 pg/ml was
injected in a volume of 100 ul per sample in duplicate. Samples were run at a flow

rate of 0.5 ml/minute.

After establishing the baseline, ensuring the column is performing well, recorded
signals were aligned using BSA monomer standard (Thermo Fisher Scientific), as a
baseline test mix. Data from 11 detectors between the angles of 57.0° and 141.0°
were used and weight-average molecular mass (Mw) and percentage recoveries
were determined using Astra for Windows 7.3.2™ software from Wyatt Technology
Corp. Signals were aligned from the main peak and a calibration constant of 4.3380

x 10° was used. A refractive index value of 0.150 ml/g was used for
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polysaccharides. The weight-average molecular mass (Mw), polydispersity (Mw/Mn)

and hydrodynamic radius (Rh(v)h) were determined by the Zimm method.

3.3.8. EDC Carbodiimide Conjugation
3.3.8.1. GAS Protein Antigen e-amine Reactivity

Free amine group availability was tested on GAS antigens through the generation of
an N-acetyl lysine standard curve (0.5 — 5 pyg/ml). Protein carriers were diluted
accordingly in size exclusion buffer (50 mM Tris, 150 mM NacCl, pH 7.5) and added
to 200 mM saturated sodium borate and 10 mM 2,4,6-trinitrobenzene sulfonic acid
(TNBSA) solution respectively (ratio 1 : 4 : 1). Samples were incubated 20 minutes
at 37 °C shaking before transfer to a 96-well plate for measurement of 420 nm
absorbance read by POLARstar Omega plate reader spectrophotometer (BMG
LABTECH) detecting chromogenic trinitrophenyl derivatives.

3.3.8.2. GAC Carboxylic Acid Reactivity

Polysaccharides GAC and GAS_Rha were mixed with 100-fold excess EZ-Link™
Amine-PEGs-Biotin (Thermo Fisher Scientific), and 10-fold excess 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) (Thermo Fisher Scientific)
linking agent at room temperature for 2 hours in 100 mM MES pH 4.7 buffer.
Samples were centrifuged 4,000 x g and desalted using 0.5 ml Zeba™ Spin
Desalting Columns with 7,000 Da MWCO (Thermo Fisher Scientific) before analysis
by Coomassie stained SDS-PAGE and immunoblot using Streptavidin-HRP
conjugated antibody (BD Pharmingen) detection (general methods section 2.1.2)

imaged with Sygene Pxi gel doc system.

3.3.8.3. EDC Carbodiimide Chemical Conjugation Reactions

EDC conjugation was performed in a sequential two step reaction. First, carboxyl
containing GAC / GAS_Rha were activated with EDC and the desired O-acylisourea
reactive intermediate stabilised with N-hydroxysulfosuccinimide (sulfo-NHS)
(Thermo Fisher Scientific) in 100 MM MES (Sigma-Aldrich™) buffer at pH 5 — 6.
Secondly, conjugation with stabilised intermediates was conducted with amine
containing proteins in phosphate buffer at pH 7.2 - 7.5 to favour amide bond

formation.

GAC / GAS_Rha was lyophilised using a freeze drier (Thermo Fisher Scientific)
overnight. Lyophilised samples were reconstituted in a volume of 100 mM MES pH
5 and left shaking for 30 minutes to ensure full resuspension. EDC and Sulfo-NHS
were equilibrated to room temperature before 1 mg/ml and 1.5 mg/ml stocks were

made respectively in 100 mM MES pH 5 and used immediately to prevent
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hydrolysis and unfavourable side reactions. EDC and sulfo-NHS were added slowly
to the solution to obtain a final concentration of 10-fold molar excess EDC to GAC /
GAS_Rha, and an EDC to Sulfo-NHS ratio of 2 : 5 m/m was used to prevent
precipitation. The polysaccharide reaction with linking agents and stabilisers was left
to react for 2 hours at room temperature with agitation. 2-Mercaptoethanol (2-ME)
(Sigma-Aldrich™) was diluted to a 20 mM stock as a thiol containing compound to
inactive unreacted EDC, prevent protein — protein conjugation and maximise active
ester functionality. The reaction was mixed and incubated for 10 minutes at room
temperature with agitation before the pH was increased to ~ 7.2 using 100 mM
sodium bicarbonate (Sigma-Aldrich™) as measured by a small electrode (Mettler
Toledo Seven Multi). Purified recombinant protein carriers dissolved in PBS pH 7.2
were then added to the activated polysaccharide solution. The reaction was left for 3
hours at room temperature followed by overnight incubation at 4 °C with agitation.
After ~ 16 hours the reaction was equilibrated to room temperature before reactants
(e.g. EDC and sulfo-NHS) and water soluble reaction by-product (e.g. isourea) were
removed by buffer exchange using a Vivaspin® 2 Hydrosart® membrane MWCO
5,000 Da (Sartorius) centrifugal filter into PBS pH 7.2. Following buffer exchange,
samples were aliquoted and those required in short term were stored at 4 °C, and

long term - 20 °C.

3.3.8.4. Purification of Glycoconjugates by Ultracentrifugation
Glycoconjugates containing larger proteins such as SpyAD and TT were purified
from small molecular weight free polysaccharide using Amicon® Ultracel-50
regenerated cellulose 2 ml centrifugal spin filters with a 50,000 Da MWCO (Merck
Millipore). As per the manufacturer’s instructions, membranes were washed with 2
ml of ultra-pure water before equilibrating with 2 ml sterile PBS pH 7.2 through
spinning 4,000 x g for 5 minutes at each step. Buffer exchanged conjugate samples
were applied to the membrane and concentrated to a volume of ~ 500 pl followed by
5 washes in sterile PBS pH 7.2. The conjugate was bought to a final volume of 1 ml
and collected. Flow through, washes and retentate were all collected for

downstream analysis.

3.3.9. Glycoconjugate Analytical Methods

Anthrone and BCA were used to determine total polysaccharide and protein content

in glycoconjugate samples (general method sections 2.5.1 — 2.5.2.).
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3.3.9.1. Polysaccharide Quantification using High-Performance Anion-
Exchange Chromatography with Pulsed Amperometric Detection
(H-PAD)
Polysaccharide containing samples were diluted in ultra-pure water to fit within the
prepared monosaccharide rhamnose (Sigma-Aldrich™) standard curve (0.5 — 10
pg/ml) according to their concentration calculated by anthrone assay. Diluted
samples were acid hydrolysed by the addition of 4 M Trifluoroacetic acid (TFA)
(Sigma-Aldrich™) and heated to 100 °C in a heat block for 3 hours to generate
monosaccharide. TFA was removed by spinning samples in an Eppendorf™
Concentrator Plus speedvac fitted with a 48 x 1.5/2 mL microcentrifuge tube rotor
overnight, setting V-AQ (vacuum, aqueous) at ambient temperature. The resulting
pellets were resuspended in their original volume in ultra-pure water and spiked with
4 ug/ml fucose internal standard. 50 pl of each sample at an approximate
concentration of 2.5 ug/ml were injected at a flow rate of 1 ml/min onto a CarboPac
PA-10 (4 x 250 mm, Dionex) chromatographic column with an AminoTrap™ pre-
column in collaboration with Dr. Arif Felek (NIBSC). Chromatography was
performed using an Dionex ICS-5000* system (Thermo Fisher Scientific). Samples
were run on an isocratic gradient for 20 minutes followed by a cleaning and
equilibration cycle with a total run time of 40 minutes. The elution buffers were
prepared by filtering 400 mM NaOH (Thermo Fisher Scientific) and ultra-pure water
with MF-Millipore® 0.20 um pore size membrane filter. Elution conditions stated in
Table 3.3.

Table 3.3: H-PAD elution conditions.

Time (Minutes) Percentage NaOH in Buffer B
0-19 35%
20-25 100 %
26 -40 35%

Similarly treated rhamnose (Sigma-Aldrich™) and GIcNAc (Sigma-Aldrich™)
standards were run separately to establish peak elution times. The detection is
performed by applying a potential wave form standard quad for polysaccharides
with Ag/AgCl as the reference electrode. Chromatographs display signals detected
by the gold working electrode, conductivity (nC) on the Y-axis and time on the X-
axis. Peak area and retention times are noted after peak integration using

Chromeleon™ software (Version 7, Thermo Fisher Scientific). Polysaccharide
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concentration was calculated by using the monosaccharide conversion factor for
rhamnose - 0.597. This enabled extracted GAC composition analysis through
comparisons with monosaccharide mixtures replicating the polysaccharide

repeating unit comprised of 2 x L-rhamnose and 1 x GIcNAc for wildtype GAC.

3.3.9.2. Immunoprecipitation of Unconjugated Protein Components

500 pl of total TT-conjugate samples were mixed with 2.5 ml of anti-GAS antibodies
(Thermo Fisher Scientific) diluted to 2 ug/ml in Fetal Bovine Serum (FBS) (Gibco™)
and incubated at 100 rpm shaking at 37 °C for 2 hours. After incubation, 1.5 ml of
50% polyethylene glycol (PEG) 6000 (Sigma-Aldrich™) was added to the
glycoconjugate sample and incubated for a further 2 hours shaking at 37 °C. The
samples were then centrifuged at room temperature for 30 minutes at 13,000 rpm,
and the supernatant was pipetted into a second tube. Supernatant was diluted 1 : 1
in assay diluent (AD) before being tested by ELISA (general methods section 2.4.2).
MaxiSORP plates (Thermo Fisher Scientific) coated with Horse anti-TT (NIBSC
60/013) were diluted to 1.61U /ml, samples and controls were titrated across the
plate 1 : 2 with negative control wells used to monitor background, and TT in
samples detected by Guinea pig anti-TT antibodies (NIBSC10/132) diluted 1 : 200 in
AD buffer, followed by anti-Guinea Pig conjugated HRP (Sigma-Aldrich™)
secondary antibodies (general methods section 2.1.2).

3.3.9.3. Capture ELISA

Standard ELISA conditions were followed (general methods section 2.4.2). For TT-
conjugates ELISA plates were coated overnight at 4 °C with 100 pl/well Guinea Pig
anti-TT antibodies (NIBSC 10/132) diluted 1 : 200 in carbonate buffer.
Glycoconjugate samples and controls were standardised to glycoconjugate protein
concentration of 100 pg/ml were then applied to plates and diluted 1 in 2 across the
plate in AD buffer. Samples were incubated for 1 hour at 37° C and detected using
Goat anti-GAS antibody (Thermo Fisher Scientific) diluted 1 : 2,000 in AD buffer
incubated for 1 hour at 37° C followed by Rabbit anti-Goat IgG conjugated to HRP
(Thermo Fisher Scientific) incubated for 1.5 hours at 37 ° C (general methods
section 2.1.2).

For SpyAD glycoconjugates plates were coated with Goat anti-GAS (Thermo Fisher
Scientific) diluted 1 : 1,000 in carbonate buffer incubated overnight at 4° C. Samples
were standardised to 50 pg/ml polysaccharide calculated by anthrone reagent, and

applied to the plate diluted 1 in 2 across the plate in AD buffer. Samples were left for
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1 hour at 37° C, before washing and detection with Anti-His antibodies conjugated
to HRP diluted 1 : 5,000 in AD buffer, incubated for 1.5 hours at 37 ° C.

3.3.9.4. Molecular Sizing of Glycoconjugates

HPLC-SEC was used to determine size differences between glycoconjugate
molecules and protein only molecules in collaboration with Dr. Arif Felek. Separation
was accomplished using sodium phosphate buffer (66.6 mM sodium phosphate
dibasic heptahydrate, 33.3 mM sodium phosphate monobasic monohydrate) pH 7.4
as eluent using a bioZen 1.8 um SEC-2, LC 300 x 4.6 mm column (Phenomenex®)
with 150 pore size (A) attached to a Dionex UHPLC system (Thermo Fisher
Scientific). Samples prepared at a concentration of 1 mg/ml were injected at a flow
rate of 0.5 ml/min with isocratic elution over 25 minutes. Injected samples of 50 pl

volume were detected by UV at wavelengths 214,, and 280.m.

3.3.9.5. Hydrophobicity Testing of Glycoconjugates

Reverse Phase-High Performance Liquid Chromatography (RP-HPLC) was used to
assess glycoconjugate and component hydrophobicity in collaboration with Dr. Arif
Felek. A Gemini C18 3 um 3 x 100 mm column (Phenomenex®) with a 110 pore
size (A) was used for separation and chromatography using a Dionex UHPLC
system (Thermo Fisher Scientific). The mobile phase consisted of 60% HPLC grade
ACN (VWR Chemicals) with 0.01% TFA (VWR Chemicals), applied to the system at
a flow rate of 0.5 ml/min (Buffer B). Samples were diluted in mobile phase prior to
injection (50pl/injection) and chromatography was performed with an isocratic
elution of buffer B as stated in Table 3.4. Samples eluting from the column were
detected by UV at wavelengths 214nm and 280,m.

Table 3.4: RP-HPLC elution conditions.

Time (Minutes) Percentage ACN in Buffer B
0-15 60 %
16 - 18 100 % (cleaning)
19-35 60 % (equilibrate)
3.3.10. Immunogenicity Analysis

3.3.10.1. Animals and Immunisation Schedule

Animal studies were conducted according to the UK Home Office regulations and
were approved by the local ethics committee. For investigation of the
immunogenicity of GAS protein antigens, 5 mice per group of female 6-8-week-old

BALB/c mice (Charles River Laboratories, Saffron Walden, UK) were immunised
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subcutaneously. Each mouse received 20 pg of purified recombinant protein
antigen adsorbed onto Alum adjuvant (Alhydrogel® 2 %, InvivoGen) at 100 pg/dose.
Antigens were adsorbed to Alum overnight at 4 °C with rotation. Each mouse
received 2 doses at 14-day intervals, with serum collected prior to immunisation
(pre-immune - day 0), 13 days after the initial immunisation (test bleed), followed by
terminal bleeds collected two weeks after the second immunisation (day 24). Note
that for the second immunisation mice in the group receiving SpyAD protein antigen
received protein alone without Alum adjuvant. Serum for use in immunoassays was
isolated from red blood cells pelleted following a spin at 4,000 x g for 10 minutes at
room temperature. Pre-immune sera collected from each group were pooled

together.

3.3.10.2. ELISA to Measure IgG Antibody Titres Against Vaccine
Components
ELISA (general methods section 2.4.2) was used to quantify IgG antibody titres in
mouse sera or pooled IVIG (Ig Vena, Kedrion Biopharma) (Batch Numbers: 157002,
157705, and 157713). MaxiSORP 96-well plates (Thermo Fisher Scientific) were
coated with 50 pl/well of 0.5 yg/mL individual recombinant proteins or purified GAC
in carbonate buffer overnight at 4 °C. Serum and IVIG dilutions were prepared in AD
buffer; pooled pre-immune and test bleeds diluted 1 : 50, terminal bleeds diluted 1 :
100 (SpyCEP and SpyAD) or 1 : 30 (MalE) and IVIG diluted 1:100. Samples were
diluted 3- or 5- fold across the plate and incubated at 37 °C for 2 hours before
incubation with 100 pl/well anti-mouse 1gG-HRP whole molecule (Sigma-Aldrich™),
or anti-human IgG-HRP whole molecule (Sigma-Aldrich™) diluted 1 : 20,000 in AD

at room temperature for 1 hour at 37 °C.

3.3.10.3. GAS Cell Compartment Separation

GAS overnight cultures were sub-cultured to ODggonm 0.05 in THY media and grown
to mid-log phase (ODeoonm ~ 0.7). GAS cells were pelleted at 4000 x g and
resuspended in cell wall extraction buffer (10 mM Tris-HCI, pH 8.0, 30% (w/v)
raffinose (Sigma-Aldrich™), 100-U/mL mutanolysin, 1-mg/mL lysozyme and 20-
U/mL recombinant PlyC with 1 cOmplete™ EDTA-free Protease Inhibitor Cocktail
(Roche)) to ODesoonm 20. Suspensions were incubated for 3 hours at 37 °C with
agitation before pelleting cells at 6,000 x g for 20 minutes at room temperature. The
supernatant contained the cleaved cell wall, whilst the pellet was resuspended in 10
mM Tris-HCI, pH 7.4 supplemented with 10 pg/ml DNAse, and underwent three
freeze thaw cycles between 37 °C and - 80 °C for 5 minutes per step to obtain

cytoplasm fractions and insoluble fractions after a 4,000 x g spin. Culture
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supernatants were filtered through a 0.2 ym filter and concentrated by precipitating
proteins with 10% TCA overnight on ice. Proteins were pelleted by a spin at 17,000
x g for 20 minutes and washed three times with 90% acetone (Sigma-Aldrich™)
buffer before drying in the speedyVac (Eppendorf™) set at 60 °C under a vacuum.
The resulting pellets were resuspended in 10 mM Tris-HCI, pH 8.0 to ODgoonm 20.

3.3.10.4. IL-8 Cleavage Assay

To assess anti-SpyCEP antibody functionality an IL-8 cleavage assay was
performed using an IL-8 DUoSET ELISA kit (RnD, DY208-05). GAS cultures were
grown to late mid-log (ODsoonm 0.7) in THY broth, and cells were pelleted by a 4,000
X g spin for 20 minutes at room temperature. GAS supernatants were 0.2 pm filter
sterilised, diluted 1 : 40 in PBS buffer, pH 7.4 and pre-incubated with mouse sera
dilutions (1 : 20) at 37 °C for 1 hour shaking in a total volume of 240 pl before
addition of 125 pg/ml IL-8 (RnD, 208-IL-010/CF). Samples were incubated at 37 °C
for 16 hours with agitation, and maxiSORP 96-well plates (Thermo Fisher Scientific)
coated with 100 pl/well of 4 ug/ml mouse anti-human IL-8 capture antibody
incubated overnight at 4 °C. 100 ul/well of samples were then added to blocked
plates, incubated at room temperature for 2 hours. Human IL-8 detection antibody
was added 100 pl/well incubated at room temperature for a further 2 hours, before
detected by 100 ul/well of streptavidin conjugated HRP incubated for 20 minutes at
room temperature (general methods section 2.4.2).
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3.4. Results

3.4.1. Design and Analysis of GAS Specific Carrier Proteins

Two important steps within GAS infection and disease onset are initial colonisation
followed by invasive disease. Therefore, to explore both aspects of the host-
pathogen interaction, three GAS antigens were selected from a list of other GAS
proteins (Appendix section 7.1), for involvement in colonisation (MalE and SpyAD)
and invasive disease onset (SpyCEP). SpyCEP and SpyAD have been previously
investigated as vaccine candidates in pre-clinical studies, while MalE is a novel
protein antigen, yet to be included in a tested vaccination preparation. Protein

antigen properties are outlined in Table 3.5.

The amino acid sequences of the three GAS antigens were analysed using VaxiJen
predictive software based on pre-processing of amino acids®%. All three proteins
have an antigenic score above the probable antigen threshold (> 0.5) whereas
interestingly TT showed the lowest antigenic score below the threshold, predicted to
not be an antigen based on in silico data (Table 3.6). The Immune Epitope
Database and Analysis Resource (IEDB) was also used to assess the candidates
for predicted protective cell epitopes. Table 3.6 shows the in silico tool revealed
predicted antigenic B and T cell epitopes for SpyAD, SpyCEP, and TT but did not

detect any B/T cell epitopes for MalE contrary to the literature.
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Table 3.5: GAS protein antigens selected for use as carriers for chemical conjugation.
Protein common names and Uniprot identifiers are shown, with reference strain SF370 Gene ID in brackets. Specific pathogenic function in the host, and current vaccine

inclusion with associated protective mechanism (P = Protective, O = Opsonic, N = Neutralising) are also stated.

Protein Name Uniprot Identity Pathogenesis Function Vaccine Inclusion Protect!ve References
mechanism
SpyCEP Immune evasion - Calciuml-dependent (;Ieavage of human IL- GSK Combo5 208,395,411,503—
(ScpC) Q3HV58 8 chemokine reducing neutrophil recruitment GSK Coniugate P, N 505
(Spy0416) Invasion — High expression associated with GAS dissemination 1ug
MalE

Survival — Binding of maltodextrin as a carbon source in saliva _ i 124,365,506,507
(Epns) JOACS Colonisation — binding to the oropharynx

(Spy1294)

SpyAD Colonisation — Adhesion to pharyngeal and epithelial ECM GSK Combo

(PrgA) QOAIH3 components in initial weak binding events Two Distinct P sonssna et
(Spy0269) Survival — Protein localised in divisome important in cell Glycoconjugates 8509
(Spy0299) division
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Table 3.6: Predicted immunological properties of selected GAS antigens.

Protein carrier antigenic scores and number of predictive protective cell epitopes are shown based VaxiJen and IEDB software. Specific protective regions and

predicted cross protective capability are also stated based on a literature search.

Protein Name
(PDB Identifier)

Predicted protective

Cross protective

NCTC-8198 Antlgen;c cell epitopes (in silico) 8 Predicted protective epitopes (literature) capability References
score
GAS
SpyCEP* 29: NTD
(SCpC) 0.592 29 B cell . . Conserved 150,203,208,395,407,510,511
(Spy0416) 0T cell Neutralising protection from lethal GAS challenge
MalE Unknown epitopes
(Spy1294) 0.527 0 Antibodies present in humans and mouse convalescent Conserved gsciEtt
(Spy1058) sera
SpyAD 8: . .
(PrgA) 0.592 7B cell Prote'!filtl)r::%r’(\)l;Dihtsrgrr?aesnggArggclggﬁen e Conserved renassdonemm etz
(Spy0269) 17 cell 9
C fragment of heavy chain - TT04 and TT10 linear
T 16: epitope
(lASD). 0.434 0 B cell Protection from lethal challenge with TT in mice NS appllcable from.GAS sl
C. tetani ) o vaccine perspective
16 T cell (meningococcal and pneumococcal TT containing

(strain E88)

glycoconjugates)

*Denotes a cloned fragment of full-sized protein.

AThreshold >0.5 = probable antigen.
B Experimentally tested antigen or epitope with 70% BLAST match to specific GAS antigen.
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The candidate antigens were analysed with structural in silico tools using cloned
amino acid sequences. Signal peptides and C-terminal cell anchoring domains were
removed ensuring E. coli cytoplasmic expression. MalE and SpyAD were cloned as
full-length proteins, whereas SpyCEP was cloned as a protective fragment?®3, This
was decided due to vaccine safety concerns associated with functional enzymatic
activity from the full-sized SpyCEP protein?! (Figure 3.3a). SpyCEP was truncated
to recombinantly express the N-terminal part of the protein containing 2 of the 3
active sites?%, This was selected due to observations that the fragment can induce
antibodies capable of neutralising native SpyCEP’s IL-8 cleaving activity?®®. Cloned
nucleic acid and amino acid sequences for all proteins/fragments are stated in

Appendix section 7.1.1.

Proteins were experimentally shown in the literature to be between 40 - 100 kDa in
size, and surface localised, either through identification of a C-terminal
peptidoglycan cell wall anchoring (LPXTG) domain for SpyCEP®'’, a putative C-
terminal hydrophobic transmembrane domain followed by a charged tail for
SpyAD®%, or an N-terminal lipid-modified membrane anchoring domain
(MKSWQKVIVGGASLTLASTLLVGC) for MalE as a lipoprotein®®®. In silico tool
Phyre2 was used to predict protein structure based on the amino acid sequence
used for recombinant protein production in E. coli. All three antigens are
multidomain proteins with coiled coil regions, most notably for SpyAD protein (Table
3.7). In comparison, TT multidomain protein shows little alpha helical structure, with

a high level of beta strands and some disordered regions.
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Table 3.7: Predicted physicochemical properties of selected GAS antigens.
Molecular weight, protein structure, modelled by Phyre? and cell surface localisation (LPTXG motif or C terminal domain) are highlighted. Properties correct for full size

proteins for MalE. SpyAD, and TT, and a cloned fragment for SpyCEP. Phyre2 web portal used for protein modelling, prediction, and analysis*.

N/A = Not Applicable.

Protein Name

Molecular weight
(kDa)

Protein localisation Protein structure

Phyre? structural prediction software

SpyCEP

MalE

SpyAD

60.1 (cloned
fragment)
170 (full size)

41.1 (full size)

88.3 (full size)

Multidomain modular — nine
structural domains and
transmembrane domain region>19.520

Cell wall — LPXTG anchoring domain5t”
Extracellular Secretion®5®

Membrane56:521 Likely multidomain modular®”

Membrane and Cytoplasmic — Moonlighting Likely multidomain modular
protein508 containing coiled coil CTD region®%®

Alpha helix (16%)
Beta strand (21%)
TM helix (3%)
Disordered (37%)
Confidence: 100%
Coverage:71%

Alpha helix (43%)
Beta strand (16%)
Disordered (8%)
Confidence: 100%
Coverage:96%

Alpha helix (85%)
Beta strand (0%)

Disordered (24%)

Confidence: 96.9%
Coverage: 86%

TT

180 (dimer)
90 (monomer)

N/A Multidomain modular522

Alpha helix (2%)
Beta strand (49%)
Disordered (23%)
Confidence:100%
Coverage:100%
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H3N —{ Endopeptidase Tragz::z?r:ion Receptor binding [ COOH TT monomer (90 kDa)
H3N—— EzrA domain PgrA domain L:i::i:re — X6 His - COOH SpyAD full size (88 kDa)
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H;N— Binding extracellular solute domain — X6 His - COOH Malk full size (41 kDa)
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Figure 3.3: Classical protein carrier Tetanus Toxoid (TT) and GAS protein carriers used for
chemical conjugation reactions.

(A) Schematic representation of cloned domains of GAS proteins (SpyAD and MalE are full size
and SpyCEP is a fragment) and monomeric TT.

(B) Coomassie-stained SDS-PAGE of 1 ug of recombinantly expressed and purified GAS antigens
and monomeric TT.

3.4.1.1. Recombinant Expression and Purification of GAS Antigens in E.
coli
GAS antigens were cloned for expression and purification from BL21 (DE3) E. coli.
SpyCEP, MalE, and SpyAD were successfully cloned into the pET28a expression
vector to contain C-terminal His-tags and were shown to express well in BL21 (DE3)
E. coli soluble fraction. Proteins were purified by nickel column and size exclusion
chromatography to a high purity. MalE purified to the highest yield at 30 — 40 mg,
followed by SpyCEP at 10 — 14 mg and SpyAD around 0.5 — 1.5 mg per 50 ml
culture cell pellets grown in autoinduction media, as quantified by BCA assay (data

not shown).

Monomeric TT was purified using size exclusion chromatography from the internal
WHO Standard 2nd International Standard for Tetanus Toxoid for use in
Flocculation Test (NIBSC code: 04/150). The purity of purified recombinant antigens
and TT was assessed by SDS-PAGE stained by Coomassie (Figure 3.3b). All three

recombinant proteins and monomeric TT showed minimal contaminants following
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purification, confirmed further through tandem mass spectrometry analysis stating
purity as well as amino acid sequence. The amino acid identity was found to be 100
% for Malg, SpyCEP, and SpyAD based on the amino acid sequences used for
gBlocks® Gene Fragments synthesis as a reference (Appendix section 7.1.1.).
Purified TT was shown to have 98 % amino acid identity to Uniprot identifier TT, and
sequences obtained from UniProt.P04958. The purity of samples for use in
chemical conjugations were found to be between 97.97 and 99.82 % for TT,
SpyCEP and MalE, and 83.54 % for SpyAD. To reduce toxicity for future
immunogenicity studies, protein preparations were further purified to remove E. coli
endotoxin and analysed by LAL to quantify remaining endotoxin. Final endotoxin
concentrations were deemed a suitable level for subsequent mouse immunisations;
SpyCEP has 302.4 endotoxin units EU/mg, MalE 288.6 EU/mg and SpyAD 27.3
EU/mg, correlating to less than 6 EU per 100 ul immunisation dose, lower than the

limit of 10 EU for a 20 g mouse®?,

3.4.2. Proposed Vaccine Components Are Immunogenic

3.4.2.1. Naturally Occurring Antibodies Recognise GAS Proteins

Following in silico analysis, the antigenicity of three GAS antigens was tested with
three separate batches of pooled human IgG (IVIG) by ELISA to confirm their
suitability as conjugate carrier proteins. Antibodies against all three protein antigens
were found in pooled IVIG batches, confirming an immunogenic response to these
proteins following natural human GAS infections (Table 3.8). High geometric mean
titres (GMT) were observed for antibodies recognising recombinant SpyCEP and
SpyAD proteins in IVIG, 15,611 and 104,354, respectively, with lower titres
observed for MalE with GMT 1,973 (Figure 3.4a). Nevertheless, although
considerably lower than the other two antigens, the data shows the presence of

MalE specific antibodies.

3.4.2.2. Immunogenicity of GAS Proteins

The immunogenicity of the GAS proteins was assessed following subcutaneous
immunisation of mice in the presence of Alum adjuvant. The prime-boost
immunisation schedule consisted of two immunisations 2 weeks apart (Figure 3.4b).
The IgG response to immunisation with each GAS antigen was assessed and
compared to a group of mice which received PBS and Alum adjuvant only, and pre-
bleeds before any immunisation, termed pre-immune (PI) for each protein antigen.
IgG titres were quantified by ELISA with the data presented as the GMT for each
group (Table 3.8). Following the first immunisation, relatively small anti-protein
responses were observed for MalE (GMT: 74, range: 1 - 307) and SpyAD (GMT:
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1,732, range: 446 - 3,817), compared to SpyCEP (GMT: 11,286, range: 4,017 -
35,919). For all three GAS antigens there was a significant boosting effect with the
second immunisation improving antibody titres (SpyCEP p = < 0.0001, MalE p =
0.0024, and SpyAD p = 0.002). Although MalE showed a modest IgG titre with the
greatest mouse to mouse variation observed, the boosting effect appeared to be
most noteworthy with 31.5 times more antibodies present after the second
immunisation compared to the first which was not significantly above the pre-
immune level. Of all three antigens, SpyCEP showed the highest immunogenicity
with a GMT of 57,325 after the second immunisation, almost double that of SpyAD
with a GMT of 28,517, and 25 times greater than MalE with a GMT of 2,333 after

two immunisations (Figure 3.4c).
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Figure 3.4: Antibody response to GAS protein antigens in pooled human IgG (IVIG) and
following subcutaneous immunisation of BALB/c mice.

(A) OD 0.5 Geometric Mean Antibody Titre from titration of IVIG against recombinant proteins
MalE, SpyCEP and SpyAD as coating antigens. Detection of human IgG with 1 : 20,000 Rabbit
anti-human HRP (whole molecule). Three batches of IVIG were tested.

(B) Schematic representation of immunisation schedule with mice receiving two doses (days 1 and
14) of 20 pg of individual recombinantly expressed GAS antigens MalE, SpyCEP or SpyAD or PBS
control adsorbed onto Alum adjuvant (n = 5 per group). Day 0 = pre-immune sera, Day 13 = test
sera (1 immunisation), Day 28 = terminal sera (2 immunisations). Original figure created with

BioRender.com.

(C) OD 0.5 Geometric Mean Antibody Titre for each individual mouse within each group receiving
individual recombinant proteins MalE, SpyCEP or SpyAD after the first and second immunisations.
Titres are compared to pooled pre-immune (Pl) sera (green circle), and pooled sera from PBS and

adjuvant group (Alum) as a negative control (red circle).

Significance compared to pre-immune control group determined by Kruskal-Wallis test, * p<0.05, **
p<0.01, *** p<0.001, and **** <0.0001.
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Table 3.8: Antibody responses to GAS protein antigens in pooled human IgG (IVIG) and IgG
titres following subcutaneous immunisation of BALB/c mice.

Two immunisations of 20 pg of recombinantly expressed GAS antigens MalE, SpyCEP and SpyAD
adsorbed onto Alum adjuvant (n = 5 per group). Titres are expressed as the serum dilution giving
an ODaso nm 0.5 using the interpolation of a sigmoidal curve in GraphPad Prism.

Geometric Mean Titre (GMT) of IgG Response against Individual GAS

Group Antigens
MalE SpyCEP SpyAD
IVIG 1,973 15,611 104,354
(1,809 - 2,118) (14,015 - 18,073) (88,582 - 125,066)
Pre-immune
(Day 0) 3 1 10
After First
Immunisation 74 11,286 1,732
(Day 13) (1-307) (4,017 - 35,919) (446 -3,817)
ﬁiﬁihﬁéé?.?fi 2,333 57,325 28,517
(Day 28) (48 -7,192) (38,686 - 71,545) (14,823 - 50,738)

To confirm surface exposure of the native proteins, mouse immune sera generated
against recombinant proteins were used to demonstrate binding to GAS cell
compartments by western blot. Cell wall extracts (CW), cytoplasm (Cyto), and
culture supernatants (Sp) were obtained from late exponential-phase M1 GAS
cultures and run on SDS-PAGE before staining with Coomassie (Figure 3.5a) or
transferred to nitrocellulose membrane and probed by Western blotting with antigen-
specific immune sera. Two of the three antigens could be detected with the immune
sera at their predicted molecular weights. MalE was detected in the cell wall and
cytoplasmic fractions (Figure 3.5b) and SpyAD was present in the cytoplasm and
supernatant (Figure 3.5c¢). The recombinant SpyCEP fragment used as the
immunogen could be detected, however limited banding, indicative of the full sized
protein (170 kDa), was observed when blotting immune sera against GAS cell
extracts (Figure 3.5d). MalE and SpyAD recombinant protein antigens used as

immunogens were also recognised by mouse immune sera.
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Figure 3.5: Surface exposure and recognition of GAS antigens by protein specific mouse
antisera.

(A) Concentrated cell wall (CW) extracts, cytoplasm (Cyto), insoluble fraction (INS) and culture
supernatants (Sp) from M1 NCTC-8198 GAS cells were separated by SDS-PAGE and stained with
Coomassie blue.

Separated cell compartments and purified recombinant protein positive control preparations were
transferred onto nitrocellulose membranes and incubated with antigen-specific mouse sera from
day 28 (terminal). Mouse sera dilutions; 1 : 500 Anti MalE (B), 1 : 750 Anti SpyAD (C), and 1 :
1,000 Anti SpyCEP (D). Detected with Goat anti-Mouse IgG IRDye® 680RD. White arrows indicate
recognised native antigen or recombinant protein.

94



SpyCEP can cleave the IL-8 cytokine as an immune evasion strategy during natural
GAS infection. Therefore, the neutralising activity of anti-SpyCEP antibodies was
evaluated in an IL-8 cleavage assay using late-log GAS supernatants with and
without immune sera. GAS supernatants were incubated with IL-8 alone or IL-8 in
the presence of pooled immune sera from SpyCEP immunisation at day 14 or day
28, or pre-immune serum as a hegative control. Pre-incubation of GAS supernatant
with immune sera following a single immunisation showed a modest yet statistically
significant reduction in IL-8 cleavage compared with nonimmune sera (6 %
reduction, p = 0.0299) equating to 94 % cleavage (Figure 3.6). The SpyCEP specific
neutralising capability of sera was drastically improved following a second
immunisation, with sera at day 28 resulting in 37 % reduction (p = < 0.0001)
compared with nonimmune sera, equating to 63 % cleavage (Figure 3.6). This
demonstrates that a second immunisation is required to generate a significant
difference in functional immunity, specifically the generation of neutralising

antibodies specific to SpyCEP.
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Figure 3.6: Neutralising capability of anti-SpyCEP immune sera for IL-8 cleavage activity
during incubation of GAS culture supernatants with recombinant IL-8 cytokine.

Assessment of IL-8 cytokine degradation by SpyCEP in GAS culture supernatants with and without
sera (no sera, day O pre-immune sera, or immune sera day 14 and day 28). Mouse sera and GAS
supernatants were incubated 1:1 prior to addition of IL-8. Following a further incubation overnight
IL-8 was detected by ELISA and percentage cleavage calculated as compared with day O pre-

immune sera.

NS, not significant, * p = 0.0299, and **** p < 0.0001 (one-way ANOVA).
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3.4.3. Extraction and Characterisation of Polysaccharide from GAS cells for

Use in Chemical Conjugation Reactions

3.4.3.1. Naturally Occurring Antibodies Recognise GAC

In addition to protein antigens, purified wildtype (WT) GAC antigenicity was also
tested with the same three batches of pooled human IgG (IVIG) using ELISA and
purified GAC coated plates. Geometric mean antibody titre (GMT), expressed as the
IVIG dilution giving an OD4sonm 0.5 using the interpolation of a sigmoidal curve in
GraphPad Prism, was determined to be 77,289 (range: 50,006 - 127,907). This
confirms that the GAC extraction process preserves epitopes that are recognised by

antibodies generated from natural human infections.

3.4.3.2. Generation and Characterisation of Agac/ Mutant

To circumvent any potential autoimmune reactivity of a WT GAC glycoconjugate
vaccine, a mutant strain expressing only the polyrhamnose backbone was
generated. Towards this aim, a non-replicating kanamycin resistant derivative of
pUC19 plasmid compatible for GAS transformation via electroporation was
generated by replacing pUC19 ampicillin cassette with pET28a kanamycin cassette
by restriction digest cloning (general methods section 2.2.5). The construct was
cloned to contain 750 bp homology arms (totalling 1.5 kb) flanking the gacl coding
region targeting this gene for deletion. After initial kanamycin selection for plasmid
integration, and subsequent passage on non-selective plates encouraging plasmid
loss, a successful markerless chromosomal deletion of gacl within the GAC 12-gene
operon was achieved as confirmed by PCR amplification using primers flanking gacl

gene (Figure 3.7a).

After targeted gene deletion, the Agacl GAS mutant strain showed more mucoidal
colony morphology on THY agar compared to the parent wildtype M1T1 strain
suggesting that the gene deletion could be affecting the cell surface (Figure 3.7b).
Acridine orange staining of the cells was carried out to investigate the mutant cell
morphology and chain formation using microscopy. Images show that the mutant
cells appear to be less circular in shape, and form shorter chains compared to the
wildtype (Figure 3.7c). This was an interesting and unexpected observation,
therefore, to confirm the mutant’s identity as GAS, the strain was subsequently
tested by the diagnostic latex agglutination test (Strep Test) and grown on blood
agar to confirm retention of the characteristic -haemolytic phenotype. The latex
agglutination test, which uses the surface carbohydrate as part of the identification

process, showed a partial loss in reactivity for Agacl GAS mutant cells compared to
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wildtype parental strain to GAC specific beads which showed strong agglutination
(Figure 3.7d). Despite such a distinctive change in phenotype the gacl gene deletion
appeared to not negatively impact Agac/ GAS mutant grown in THY broth compared
to the parent strain, and rather appears to positively impact growth over the tested
24-hour period, with final measured optical density being almost double for the
mutant compared to the wildtype (Figure 3.7e). To confirm that deletion of the gacl
gene does indeed prevent GIcNAc addition to the rhamnose polymer backbone,
both wildtype and Agacl GAS mutant whole cells were dotted onto nitrocellulose
membranes and stained with biotinylated Succinylated Wheat Germ Agglutinin
(sWGA) lectin which specifically recognises GIcNAc. Compared to the parent
wildtype strain, the Agacl GAS cells showed reduced GIcNAc staining when
detected using streptavidin-IRDye 800CW conjugate at both the early and late log
phases of growth (Figure 3.7f).
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Figure 3.7: Generation and phenotypic characterisation of gacl gene deletion in GAS M1
NCTC-8198.

(A) PCR amplification with primers flanking gacl show a 1.8 kb product with WT GAS and a 780 bp
product upon deletion of the gacl gene in screened mutants (C8 — C13). Primers flanking M1
protein were also included to demonstrate GAS origin.

(B) Colony morphology of Agacl mutant and wildtype GAS M1 NCTC-8198 grown on THY agar.

(C) Confocal microscopy images of acetone fixed wildtype and Agacl mutant GAS bacteria stained

with acridine orange.

(D) Latex agglutination reaction with GAC-specific beads as indicated on GAS WT and Agacl

mutant.
(E) Growth of Agacl mutant and wildtype M1 GAS in THY broth over a 24-hour time period.

(F) Dot blot of two separate colonies of Agacl and WT GAS M1 NCTC-8198 whole cells stained
with GlcNAc-specific SWGA lectin conjugated to biotin at OD = 0.4 and 0.8.
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3.4.3.3. Extraction of GAC Variants from GAS Cells

Wildtype GAC and mutant polysaccharide (GAS_Rha) were enzymatically extracted
from GAS bacterial cultures as described in the materials and methods (section
3.3.6). Extracted GAC or GAS_Rha material was buffer exchanged and purified
using HiTrap Capto Adhere ion exchange column, binding and eluting GAC /
GAS_Rha whilst removing PlyC and other contaminating protein species. Two
commercially available polyclonal antibodies raised against GAS (Thermo Fisher
Scientific or AbCam) (general methods section 2.1.2) were used to indicate the
presence of GAC or GAS_Rha within starting materials, check for material lost in
buffer exchange and flow through samples, as well as purified chromatography
elution fractions. Both GAC and GAS_Rha can be detected by the polyclonal
antiserum (Figure 3.8a). SDS-PAGE showed the successful removal of
contaminating PlyC among other protein species from the purified GAC / GAS_Rha

elution fractions (Appendix Figure 7.2).

Extracted and purified GAC and GAS_Rha preparations were quantified using
Anthrone colourimetric assay. Routinely from large scale 2 litre cultures, yields were
~ 10-fold lower for GAS_Rha compared to WT GAC, despite similar bacterial growth
(data not shown). This may have been attributable to PlyC sensitivity, with Agacl
mutant cells appearing to be less sensitive to PlyC lysis compared to wildtype cells
based on optical density after co-incubation (Appendix Table 7.1). Purified WT GAC
and GAS_Rha were standardised to polysaccharide concentration of 100 pug/mi
based on anthrone analysis and analysed by sWGA-specific lectin staining. WT
GAC showed a strong sWGA signal, whereas GAS_Rha as expected did not show
any signal (Figure 3.8b).

3.4.3.4. GAC/ GAS_Rha Physicochemical Characterisation

The characteristics of the wildtype GAC and mutant GAS_Rha polysaccharide
structures were confirmed by NMR and Size Exclusion Chromatography with Multi
Angled Light Scattering (SEC-MALS). Whole cell analysis by dot blot indicated
some GIcNAc signal was still present within Agacl GAS mutant cells, therefore, to
confirm loss of GIcNAc from the GAC polymer chains, extracted GAS_Rha was
analysed by NMR and compared to wildtype GAC. The proton NMR analysis
confirmed spectra characteristic of polysaccharides, and the extraction and
purification methods were deemed successful for removal of contaminating products
in GAC preparations. Wildtype GAC and GAS Rha were compared to their expected
repeating units Rha-Rha-GIcNAc and Rha-Rha respectively using commercially

purchased monosaccharide prepared as mixtures. GAC spectra showed chemical
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shifts representing rhamnose (1.3 ppm) and N-acetyl CHs species (2.1 ppm) such
as GIcNAc which are also observed in the repeating unit (Figure 3.8c red and
green). GAS_Rha and rhamnose repeating unit only showed species in the 1.3 ppm
region only (Figure 3.8c blue and purple) showing successful removal of GIcNAc

sidechain modification by gacl gene deletion.
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Figure 3.8: Analysis of extracted and purified wildtype GAC and mutant GAS_Rha
polysaccharides.

(A) Eluted polysaccharide following purification were dotted onto nitrocellulose membrane. Both
GAC and GAS_Rha are recognised by polyclonal anti-GAS (Thermo Fisher Scientific) antibodies
detected by rabbit anti-Goat IgG HRP.

(B) sWGA lectin staining of extracted and purified 100 ug/ml GAC WT and GAS_Rha.

(C) *H NMR bi-dimensional spectra of wildtype GAC (red) and GAS_Rha (blue) polysaccharide.
These were compared to monosaccharides making up repeating units either rhamnose and
GIcNAc (green) or rhamnose alone (purple). Rhamnose region and N-Acetyl CH3 region indicated

in greyed out sections at 1.3 and 2.1 ppm respectively.
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Wildtype GAC and GAS_Rha polymers were sized using SEC-MALS detection, as
the method of choice for polysaccharide molar mass characterisation. A marker
consisting of DNA, thyroglobulin, BSA, carbonic anhydrase and tyrosine were used
as calibrants (data not shown). Initially, the UV214nm Signal was tested for GAC
components, Rhamnose, GIcNAc and a mixture as present in the wildtype repeating
unit (Rha — Rha — (GIcNAc)). UV signals showed that polysaccharide components
eluted close to the TSK gel G3000pwx. and G2000pwx. analytical columns (used in
tandem) total retention volume (Vt) at 82.9 minutes, with main peaks observed at
81.1 minutes for rhamnose, 79.2 minutes for GIcNAc, as well as a mixture,
observed as a main peak at 79.2 minutes and a fronting shoulder at 77.5 minutes
(Figure 3.9a). Wildtype GAC and GAS_Rha were then run in the same manner as
the polysaccharide constituents initially analysed by UV214nm signals. WT GAC
eluted at 81.2 minutes compared to GAS_Rha which eluted at 81.1 minutes, again
close to the Vt at 83.0 minutes for this particular run (Figure 3.9b). Both samples
have a similar elution time to each other, suggesting that both polysaccharides are
small molecules due to their closeness to the Vt with similar molecular weights.
However, WT GAC does show a greater degree of peak symmetry, compared to
GAS_Rha which shows some peak trailing, suggesting the presence of lower

molecular weight material.

101



A) /\ GlcNAC

Mixture |

B)

Figure 3.9: Purified polysaccharide wildtype GAC and GAS_Rha signals at UV214nm
wavelength.

(A) Polysaccharide components analysed using Size Exclusion Chromatography (SEC) at
wavelength 214nm showing rhamnose (blue), GlcNac (pink) and 2 : 1 Rhamnose to GIcNAc mixture
(black).

(B) SEC chromatograms of wildtype GAC (black) and GAS_Rha (blue) at wavelength 214nm.

Due to poor signal using UV214nm detection, polysaccharide components and
samples were then analysed using MALS detectors. Accurate molecular mass
determination of BSA was used to determine system suitability, however, rhamnose
and GIcNAc components alone gave poor refractive index (RI) signals.
Consequently, determinations of molecular mass of polysaccharide components,
rhamnose and GIcNAc were inaccurate, although the known molecular masses for
each could be used in calculations. Analysis of purified polysaccharide samples also
proved difficult due to the associated small molecular masses and low signals
obtained. Although not quantitative, in comparison GAS_Rha appears to be smaller
than WT GAC (Table 3.9). The average molecular weight (mw) (g/mol) was found to
be 9.837 kDa for WT GAC which is within the size range stated in the literature®®,
whereas the mw of GAS_Rha was found to be 4.892 kDa, which is slightly smaller

than the reported average molar mass for native GAC without GIcNAc sidechains*'2,
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In addition to average molecular weight, polydispersity (Mw/ M) which shows
heterogeneity in molar mass distributions, defined as the weight average (Mw)
divided by the number average molecular weight (M»), was also determined.
GAS_Rha is more uniform in its average size (mw/mn = 1.847) compared to GAC
sample (mw/mn = 3.317) which may have polysaccharides of varying molecular
weights. Structural conformation was also determined through analysis of the
sample hydrodynamic radius. Similar values were obtained for both samples in
terms of hydrodynamic radius (4.469 and 4.586), suggesting both polysaccharides
have similar conformations and physical properties in solution (Table 3.9).

Table 3.9: SEC-MALS analysis of purified polysaccharide wildtype GAC and GAS_Rha.

Molecular mass? Molecular Polydispersity Hydrodynamic
Sample (g/mol) mass (Mw/Mn) radius
9 (Mw)? (g/mol) (Rh(v)n) (nm)
69,480 1.308 7.101
BSA 66,463 (1.4) 2.0) (34.4)
9,837 3.317 4.469
_ 139,411 )
WT GAC 7,000 - 9,900 (54.2) (62.3) (28.2)
4,892 1.847 4.586
412 ’
GAS_Rha 7,200 (34.7) (57.7) (32.3)

1 Accepted molecular mass.
2 Molecular mass determined by MALS, using RI of 0.185 for protein and 0.150 for polysaccharide samples.
(% error included as calculated by Astra Software).
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3.4.4. Selection of EDC Conjugation Chemistry Approach

EDC carbodiimide chemistry was selected as the conjugation approach as a well-
established, safe, and simple procedure®?, utilising amine and carboxylic acid
groups for linkage (Figure 3.10). EDC suitability for linking GAC variants with GAS
protein antigens and the classical protein carrier TT was experimentally tested using
in silico and in vitro assays. These were conducted to confirm the availability of
primary amines on carrier proteins and carboxylic acids on the MurNAc residue of
peptidoglycan dimers on extracted GAC variants before proceeding with the

conjugation reactions.

3.4.4.1. Demonstration of Available Carboxylic Acid Group on Extracted
Polysaccharide
It is predicted that enzymatically extracted polysaccharide should contain a free
carboxylic acid group present on the MurNAc following cleavage from the peptide
chain of the cell wall by PlyC. To confirm this experimentally, EDC conjugation of
amine-PEGs-biotin molecules was conducted with wildtype GAC and GAS_Rha.
Reactions were analysed by SDS-PAGE and western blotting probed with
streptavidin conjugated to either HRP or IRDye® 680RD dye to detect conjugated
biotin to an exposed carboxylic group present on the GAC variants (Figure 3.10).
Both wildtype and GAS_Rha showed a band ~ 60 kDa present in the sample
incubated with EDC and biotin, but not in the polysaccharide only control sample.
Despite the same amount of polysaccharide added to each reaction, the more
sensitive IRDye® 680RD Streptavidin was required for the detection of biotin
attached to GAS_Rha. Nevertheless, this not only validates that both GAC variants
contain the necessary reactive group for targeting, but also EDC can successfully

conjugate a small molecule to it.
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Figure 3.10: Chemical conjugation strategy and validation of polysaccharide carboxylic

group availability.

Mechanism of direct coupling of carboxylic acid containing molecules to amine containing

molecules using EDC carbodiimide chemistry coupled with Sulfo-NHS stabiliser. Possible products

and intermediates are shown resulting in crosslinked conjugate containing polysaccharide and

protein. Immunoblot of enzymatically extracted wildtype and GAS_Rha conjugated with biotin by

EDC to confirm carboxylic groups present, detected with streptavidin antibodies conjugated to
either HRP for biotin-GAC detection, or IRDye® 680RD conjugate for biotin-GAS_Rha detection.

Original figure created with BioRender.com adapted from Bioconjugate Techniques, 3rd Edition

(2013) by Greg T. Hermanson>2°,
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3.4.4.2. Available Amine Groups on Carrier Proteins

When selecting prospective carrier proteins, in silico methods were used to assess
the total lysine (K) availability of candidates. The number of K residues on the
molecular surface is an important factor as it can significantly affect the
polysaccharide antigen loading efficiency. Total K, as a measure for amine group
availability for chemical conjugation was predicted in silico based on translated
codon sequences, as well as quantified experimentally using TNBSA assay (Table
3.10).

GAS carrier protein amino acid sequences were analysed to calculate the
percentage K of total amino acids. TT as a classical protein carrier, known to be a
good acceptor for polysaccharide attachment using EDC based chemistry®2>-528 was
used as control and comparator. Results for TT showed 7.7 % total K content. This
was similar to SpyCEP and SpyAD proteins total K with 7.9 % and 7.5 %
respectively. Despite being the smallest protein tested, MalE had the most K at 10.8
% of its total structure based on its amino acid sequence (Table 3.10).

Table 3.10: L-Lysine (K) availability as a measure of amine groups on GAS protein carriers
and monomeric TT for targeted EDC chemical conjugation.

K availability was determined using both in silico tool Geneious Prime Version 2020.0.3, and
experimentally using TNBS solution. Surface exposed amine groups were determined and
expressed as nmol free amine / mg of protein. Molar concentrations of total protein were

calculated, and free amine concentration calculated as a percentage of total protein and total lysine

availability.
Total K Experimental Cg/'noclagf Percentage Available K Theoretical
Protein Content K availability - available K (experimental)
name (in (nmol/mg protein in total in total K (in numb_er of
IS ) (nmol/mg . o K available
silico) protein) protein) protein silico)
7.7 % 0 0
TT 102/1315 0.42 16.90 25% 32% 33
7.9 % . .
SpyCEP 44/588 0.43 16.64 2.6 % 33% 15
10.8 %
MalE 21/384 0.36 24.33 15% 13 % 5
7.5 % . .
SpyAD 61/813 0.53 11.33 4.7 % 62 % 38
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In silico analysis, however, did not indicate how many of these lysine residues could
be targeted by the EDC linking agent. This was further investigated experimentally
using the TNBSA assay to quantify the amount of available lysine residues
containing the required e-amine groups. TNBSA reacts with amine groups in a
trinitrophenylation reaction to form highly chromogenic derivatives which can be
guantified®?®-531, Experimental K nmol / mg of protein was determined and
expressed as a percentage of available K in total protein, as well as percentage of
total K residues which were surface exposed within the protein. Experimental
findings suggest that despite a similar number of K residues in each antigen based
on in silico data, SpyAD contains the most available K residues, followed by
SpyCEP and then MalE (Table 3.10). In comparison, monomeric TT showed a
similar number of surface exposed K residues to SpyAD, indicating that there are a

large range of residues that can be targeted for EDC conjugation.

3.4.5. Chemical Conjugation of TT Classical Protein Carrier and Wildtype
GAC

As TT has been demonstrated as a good carrier for GAC in previous studies with

different manufacturing chemistries?°®48 (Chapter 1 Table 1.2) it was the first carrier
protein tested with EDC chemistry in this study as a control to optimise conditions.
TT and GAC were incubated with EDC and sulfo-NHS and recovered protein and
polysaccharide components from this sample, termed total reaction, were quantified
using BCA and Anthrone respectively. Total protein recovery was found to be
consistently between ~ 60 — 80 % of the calculated protein added to each reaction.
This is likely due to the observation of some protein precipitation when setting up
the reaction. Recovery for GAC was consistently higher than protein recovery at

>95 9% of the amount of calculated GAC added into each reaction.

The total reaction sample was then passed through a 50 kDa centrifugal spin filter to
separate unconjugated GAC from the conjugate sample and unconjugated TT. This
sample was termed purified conjugate (pur. conj.). Both an aliquot of the total
reaction and purified conjugate sample along with reaction components were
analysed by SDS-PAGE Coomassie and dual stained for TT and GAC by western
blot using Guinea Pig anti-TT and Rabbit anti-GAS antibodies respectively (Figure
3.11a/b). GAC was also detected by dot blot showing some GAC present in the
flowthrough (FT) and wash (W) samples (Figure 3.11c). This was likely
unconjugated material as expected, with Figure 3.11b showing a loss of lower
molecular weight GAC species in the purified conjugate sample compared to the

total reaction sample (Figure 3.11a). Purified GAC alone was also passed through
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the ultracentrifugation filter to ensure the absence of non-specific interactions,

confirming specific separation (Appendix Figure 7.4a).

The resultant purified conjugate sample therefore contained the TT-GAC conjugate,
in addition to unconjugated TT molecules. However, Figure 3.11a/b demonstrates
that TT mixed with GAC in a 1 to 1 w/w ratio does not look dissimilar from the
proposed conjugate sample. There is no clear molecular weight increase for TT
which may be expected if TT was decorated with multiple GAC molecules.
Therefore, an ELISA format was adopted to show physical attachment of TT and
GAC molecules. Plates were coated with Guinea Pig anti-TT antibodies overnight
before the addition and incubation of samples. These included the purified
conjugate sample believed to contain TT-GAC, as well as unconjugated GAC
pooled from FT and W samples from the purification step (Figure 3.11c), as well as
TT and GAC separately, and as a mixture as controls. Detection of conjugate
binding was evaluated using Goat anti-GAS antibodies followed by Rabbit anti-Goat
IgG conjugated to HRP. The purified conjugate sample gave a 450.m absorbance
signal ~ 1.8, titratable down the plate from 100 pg/ml protein concentration, whereas
the control samples, most notably the mixture of GAC and TT gave minimal
absorbance signals (Figure 3.11d). This suggests that the sample retained after

purification contains molecules of TT conjugated to GAC molecules.
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Figure 3.11: Analysis of TT-GAC conjugation reaction.
(A) Coomassie or dual stained by western blot of buffer exchange of conjugation reaction to
remove reactants produce total reaction (total). Western blot analysis of total reaction (total)

compared to a mixture (mix) or individual components (GAC or TT).

(B / C) Total reaction was then purified with a 50 kDa MWCO spin step to remove low MW
components through flow through (FT) and wash (W) steps to produce purified conjugate

(pur.conj.). B: Coomassie or dual staining by western blot and C: Dot blot with anti-GAC detection
only.

Dual stained western blots incubated with Rabbit anti-GAS developed with Goat anti-Rabbit IgG
IRDye® -800CW (GAC = green), and Guinea Pig anti-TT detected with Donkey anti-Guinea Pig
IgG IRDye® - 680RD (TT = red).

(D) Capture ELISA to confirm covalent attachment. Plates captured conjugate samples using
Guinea Pig anti-TT antibodies detected with Goat anti-GAS antibodies followed by Rabbit anti-Goat
IgG - HRP. Samples were titrated based on TT concentration or equivalent GAC concentration for
GAC samples. Samples include purified conjugate (orange), unconjugated GAC pooled from FT
and W samples (red), and TT (blue) and GAC (green) alone, and a component mixture 1 : 1 (w/w)
(purple).
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High-Performance Anion-Exchange Chromatography with Pulsed Amperometric
Detection (H-PAD) was also used as a more accurate method of polysaccharide
guantification using known monosaccharide concentrations (Figure 3.12, top panel).
Purified GAC could be resolved and detected by the gold working electrode,
showing two distinct peaks for rhamnose and GIcNAc monosaccharides making up
the repeating unit. Based on rhamnose monosaccharide standards, a rhamnose
peak at 11 minutes, and a major peak representing GIcNAc at 13 minutes retention
time could be identified. H-PAD showed that the purified conjugate sample
contained 127 ug conjugated GAC, equating to 39 % of 328 ug recovered GAC
from the total reaction based on anthrone analysis. The pooled FT and W samples
contained 115 ug unconjugated GAC, equating to 35 % of the recovered GAC being
unconjugated (Table 3.11). Based on this data 26 % of GAC was unaccounted for
perhaps due to losses during the purification process. This data was consistent with
polysaccharide quantification based on anthrone reagent for purified conjugate and

pooled FT and W samples.
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Figure 3.12: H-PAD polysaccharide quantification of purified TT-GAC conjugation reaction.
A rhamnose standard curve (0.5 — 10 pyg/ml), TT-GAC conjugate, unconjugated GAC pooled from
flow through and washes were run on a CarboPac PA-10 column with an AminoTrap™ pre-column
with a fucose internal reference (pink shaded box). Two distinct peaks can be resolved for
rhamnose (Rha) (green shaded box) and GlcNAc (blue shaded) for all samples. 2.5 ug/mi
rhamnose standard is shown as an example to quantify GAC concentrations within samples based

on peak area, relative to the fucose internal reference.
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The protein content within the purified conjugate sample was determined to be 170
Mg, equating to 68 % of the 250 ug of TT recovered in the total reaction (Table
3.11). The molecular weight spin-based separation method chosen to purify the
conjugate from unconjugated GAC would not have removed unconjugated TT.
Therefore, the purified conjugate sample likely contains TT-GAC conjugate and
unconjugated TT. To quantify conjugated versus unconjugated protein,
immunoprecipitation analysis was performed. Using anti-GAS antibodies and PEG
to precipitate GAC molecules, unconjugated TT could be separated from the
conjugated TT for quantification. Supernatant containing free TT and resuspended
conjugate precipitant were tested for TT concentration by ELISA based on the
ODa4sonm signal from a generated TT standard curve ranging from 0.01 to 25 ug/ml.
Results showed that 58% of TT in the purified conjugate sample was conjugated
(Table 3.11). Based on this, the protein to polysaccharide ratio for the TT-GAC
conjugate could be calculated. The reaction achieved between 1:1.06 and 1: 1.30
w/w TT to GAC (TT =98 yg and GAC = 104 / 127 pg). However, when considering
the molecular weight of TT and GAC at 90,000 Da and 9,837 Da (Table 3.9)
respectively, this can be converted into a molar ratio of between 1:9.72 and 1 :
11.87 m/m TT (1.08 uM) to GAC (10.57 — 12.91 uM) (Table 3.12).

To further understand these ratios, additional TT-GAC characteristics were
analysed. Initially traditional HPLC-SEC could not demonstrate a discernible size
shift between TT-GAC and TT protein alone (Appendix Figure 7.6a). Therefore, an
alternative method, Reverse Phase-High Performance Liquid Chromatography (RP-
HPLC) was used to assess whether conjugation alters the hydrophobicity of TT
when conjugated to GAC. An experiment was designed to observe any shift in the
hydrophaobic elution profiles by assessing differences in retention time when using
an isocratic elution acetonitrile gradient. The aim was to compare conjugate to
components TT and GAC alone. TT and TT-GAC conjugate were diluted to 210
Hg/ml based on protein concentration as calculated by BCA. This equated to 273
pag/ml GAC within the glycoconjugate sample based on the conjugate ratio 1 : 1.30
wiw (Table 3.12). GAC alone was injected at 50 ug/ml as the highest concentration
achievable based on material constraints. The chromatograph in Figure 3.13a
showing UV214nm signal indicates a clear shift in retention time suggesting different
hydrophobic characteristics of TT-GAC glycoconjugate (blue line), compared to
components TT (black line) and GAC (brown line) alone. The consistency of the
separation of RP-HPLC standard injected both before and after test samples

confirmed the integrity of the Gemini C-18 110A 3 um (3 x 200 mm) column
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(Phenomenex) (Appendix 7.6b). Results also indicated the relative absence of
unconjugated GAC in the glycoconjugate sample, providing further confirmation of
conjugation. As can be seen in UVa1anm chromatogram there is a prominent peak
that can be observed for the purified GAC sample (Figure 3.13a brown line). The
identity of this peak as a GAC peak can be verified by its absence in the UVagonm
chromatograph which is specific to proteins (Figure 3.13b pink line). As almost 6
times more GAC was present in the TT-GAC conjugate sample, if unconjugated
GAC was present it would be expected to generate a matching if not larger peak to
the unconjugated GAC sample. Therefore, although difficult to prove directly, this
suggests that conjugation of TT with GAC changes the hydrophobicity of the
molecule. TT likely becomes more hydrophobic, causing it to interact more with the
C-18 column, explaining the differences in retention time, and proving successful

conjugation.
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Figure 3.13: Reverse Phase HPLC chromatograms of chemical glycoconjugate TT-GAC.
Samples were injected into a Gemini C-18 110A 3 um 3x100 mm column (Phenomenex®) and
analysed by UV2i4nm (A), and UV2asonm (B). TT-GAC glycoconjugate sample (blue line) were
compared to TT protein (black line), and GAC (brown / pink line) only samples, to observe
differences in retention time indicating hydrophobicity changes between components and the

glycoconjugate sample.
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3.4.6. Chemical Conjugation of GAS Protein Antigens and Wildtype GAC
3.4.6.1. Successful Conjugation of SpyAD to Wildtype GAC

The optimised TT methodology of 16 hours incubation followed by buffer exchange

into PBS pH 7.2 using a 5 kDa MWCO ultracentrifugation filter was undertaken for
SpyAD (Figure 3.14a). The total reaction was then passed through a 50 kDa MWCO
centrifugal spin filter, and the retentate sample predicted to contain SpyAD-GAC
glycoconjugate and unconjugated SpyAD was termed purified conjugate. In this
sample SpyAD was seen to be successfully decorated with wildtype GAC following
analysis by SDS-PAGE Coomassie and dual stained western blot for the anti-His
signal on SpyAD and anti-GAS for GAC (Figure 3.14b). Total protein recovery
following the reaction was found to be 71 % of the calculated starting protein
material and GAC recovery found to be 82 % of the total calculated GAC added into

the initial reaction.

Unconjugated GAC and some SpyAD appeared to be lost in the flow through (FT)
and wash (W) steps during conjugate purification (Figure 3.14b). As with TT-GAC,
despite normalised protein loading concentrations there was no clear molecular
weight increase for SpyAD in the purified conjugate sample, however there is a
reduction in the lower molecular weight GAC species following unconjugated GAC

removal.

To confirm that the purified conjugate sample contains GAC attached to SpyAD,
ELISA plates were coated with anti-GAS antibodies and conjugate binding was
detected for SpyAD with mouse anti-His antibody. SpyAD-GAC conjugate was
compared to unconjugated GAC in the FT and W samples Figure 3.14b, and the
glycoconjugate components separately, and as a physical mixture (Figure 3.14c).
The conjugation sample gave an ODasonm absorbance signal around 2, titratable
down the plate until a 1 in 4 dilution, correlating to 25 ug/ml of SpyAD before the
signal plateaued to baseline. A slight signal was observed in the unconjugated GAC
sample likely related to the detection of SpyAD in the FT sample as shown by
western blot during the purification step (Figure 3.14b). This suggests that some
conjugate may have passed through the spin filters. However, notably, the control
GAC/SpyAD mixture samples gave minimal absorbance signal, and the purified

conjugate sample gave the highest signal level.
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Figure 3.14: Analysis of SpyAD-GAC conjugation reaction.
(A) Coomassie and dual stained western blot of buffer exchange of conjugation reaction to remove
reactants produce total reaction (total). Western blot analysis of total reaction (total) compared to

individual components (GAC or SpyAD).

(B) Total reaction was then purified with a 50 MWCO spin step to remove low MW components
through flow through (FT) and wash (W) steps to produce purified conjugate (pur.conj.) Coomassie

or dual stained by western blot.

Dual stained western blots incubated with Rabbit anti-GAS developed with Goat anti-Rabbit IgG
IRDye® -800CW (GAC = green), and Mouse anti-His detected with Rabbit anti-Mouse 1gG IRDye®
- 680RD (SpyAD = red).

(C) Capture ELISA to confirm covalent attachment. Plates captured conjugate samples using Goat
anti-GAS antibodies and detected with anti-His HRP antibodies. Samples were titrated based on
SpyAD concentration or equivalent GAC concentration for GAC samples. Samples include purified
conjugate (orange), unconjugated GAC pooled from FT and W samples (red), and SpyAD (blue)

and GAC (green) alone, and a component mixture 1 : 1 (w/w) (purple).
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Based on H-PAD analysis the purified conjugate sample, made up of SpyAD-GAC
and unconjugated SpyAD contained 195 ug conjugated GAC, equating to 48 % of
the GAC present in the total reaction sample before purification. The pooled FT and
W samples were also tested and found to contain 122 ug GAC, equating to 30 % of
the total GAC added being unconjugated (Table 3.11), leaving 22 % of GAC
unaccounted for compared to the total reaction polysaccharide content, suggesting

potential lost in the MWCO purification.

Protein concentration determined by BCA showed that the purified conjugate
sample contained 210 pg SpyAD, equating to 57 % of the protein present with the
total reaction sample (370 ug SpyAD recovered) (Table 3.11). Immunoprecipitation
to determine unconjugated from conjugated SpyAD was not possible in this instance
due to material constraints. Therefore, when considering total protein in the purified
conjugate sample, SpyAD-GAC conjugation reactions were calculated to contain 1 :
0.99 w/iw SpyAD to GAC, converted to a molar ratio of between 1 :8.84and 1 : 8.33
m/m SpyAD (2.38 uM) to GAC (19.82 — 21.04 uM) based on their molecular weights
of 88,000 Da and 9,837 Da (Tables 3.9 and 3.12).

In addition to understanding component ratios, SpyAD-GAC glycoconjugate was
successfully analysed using HPLC-SEC techniques. A protein size shift is
influenced not only by the protein to polysaccharide ratio, but also the hydrodynamic
radius of the conjugated molecule. Using a BioZen 1.8 ym SEC-2 LC column
successful conjugation could be demonstrated with SpyAD protein alone eluting at
6.5 minutes and SpyAD conjugated to GAC eluting at 6.733 minutes (Figure 3.15).
SpyAD and SpyAD-GAC consistently eluted at different retention times with different

runs validating the small difference in retention properties (Appendix section 7.5b).
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Figure 3.15: HPLC-SEC chromatogram of chemical glycoconjugate SpyAD-GAC.
Glycoconjugate samples were injected into a bioZen 1.8 um SEC-2 LC column (Phenomenex®)
with 150 pore size (A) and analysed by SEC at UV214nm. SpyAD-GAC injected glycoconjugate
samples (blue line) were compared to protein only samples (black line), to observe a size change
indicative of successful conjugation. Red shading shows the peak area for glycoconjugate samples.

3.4.6.2. MalE and SpyCEP Failed to Conjugate to Wildtype GAC

Attempts to conjugate MalE and SpyCEP GAS antigens to wildtype GAC using the
same chemical conjugation reactions as SpyAD and TT did not lead to the
generation of successful glycoconjugates. A variety of conditions were tested using
both EDC alone, as well as EDC and Sulfo NHS stabiliser, with a variety of reactant
ratios, and reaction conditions such as pH and buffer systems. Additionally, a
variety of purification methods were tested to separate unconjugated molecules
from proposed glycoconjugates. These techniques mostly focused on using affinity
chromatography, as opposed to the separation of components based on size which
was feasible for larger proteins SpyAD and TT only. Table 7.3 in the Appendix

summarises the reactions, conditions, and purification methods tested.
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3.4.7. Chemical Conjugation of TT Classical Protein Carrier and GAS Rha

The same conjugation experiment as above was performed with rhamnose
polymers enzymatically extracted and purified from mutant Agacl NCTC-8198 strain
(Chapter 3 section 3.3.6) and monomeric TT. The conjugation reaction was initially
buffer exchanged showing good retention of conjugation components with 98 % TT

and 88% GAS_Rha recovered based on the initial calculated reaction input.

The total reaction was then purified using a 50 kDa MWCO spin filter to remove
unconjugated GAS_Rha. The retentate sample, termed purified conjugate, was
analysed by SDS-PAGE Coomassie and dual stained western blot for TT and
GAS_Rha along with an aliquot of the total reaction sample (Figure 3.16a/b). The
buffer exchanged total reaction did not look dissimilar to the purified conjugate
sample. Therefore, a similar ELISA format was used to confirm TT attachment to
GAS_Rha as stated above (Chapter 3 section 3.4.5). Plates were coated with anti-
TT antibodies and glycoconjugate binding was detected with Goat anti-GAS
antibodies. TT-GAS_Rha gave an ODa4sonm absorbance signal around 0.6, titratable
down the plate from 100 yg/ml TT protein concentration (Figure 3.16c). All control
samples, except TT alone which showed low non-specific cross reactivity with the
detection antibodies, gave no observable signal. However, in comparison to TT-
GAC conjugate, the absorbance signal observed from TT-GAS_Rha conjugates
was lower, despite similar GAC recovery and standardised sample application
(Chapter 3 section 3.4.5).
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Figure 3.16: Analysis of TT-GAS_Rha conjugation reaction.

(A) Coomassie and dual stained western blot of buffer exchange of conjugation reaction to remove
reactants produce total reaction (total). Western blot analysis of total reaction (total) compared to
individual components (GAS_Rha or TT).

(B) Total reaction was then purified with a 50 MWCO spin step to remove low MW components
through flow through (FT) and wash (W) steps to produce purified conjugate (pur.conj.) Coomassie
or dual stained by western blot.

Dual stained western blots incubated with Rabbit anti-GAS developed with Goat anti-Rabbit IgG
IRDye® -800CW (GAS_Rha = green), and Mouse anti-His detected with Rabbit anti-Mouse 1gG
IRDye® - 680RD (TT = red).

(C) Capture ELISA to confirm covalent attachment. Plates captured conjugate samples using
Guinea Pig anti-TT antibodies detected with Goat anti-GAS antibodies followed by Rabbit anti-Goat
IgG - HRP. Samples were titrated based on TT concentration or equivalent GAS_Rha
concentration for the GAS_Rha sample. Samples include purified conjugate (orange),
unconjugated GAS_Rha pooled from FT and W samples (red), and TT (blue) and GAS_Rha

(green) alone, and a component mixture 1 : 1 (w/w) (purple).
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The calculated protein to polysaccharide ratio for TT_GAS_Rha conjugate was
found to be lower than TT-GAC. Based on H-PAD analysis there was some
discrepancies, with GAS_Rha appearing to be poorly detected compared to WT
GAC. H-PAD found that 11 % of GAS_Rha was present in the purified conjugate
sample (33 pg), and 21 % of GAS_Rha was unconjugated in the pooled FT and W
samples (61 ug). This means compared to polysaccharide in the total reaction 68 %
of GAS_Rha was unaccounted for using H-PAD analysis. On the other hand, the
Anthrone assay on the same purified conjugate sample showed 68 g conjugated
GAS_Rha, equating to 23 % of the polysaccharide in the total reaction before
purification (295 ug GAS_Rha). The tested pooled FT and W samples from the
purification step were found to contain 154 ug GAS_Rha, equating to 52 % of the
total GAS_Rha being unconjugated, reducing the amount of unaccounted

polysaccharide (Table 3.11).

Protein concentration was determined with 340 ug of unconjugated and conjugated
TT in the TT-GAS_Rha sample, equating to 74 % of the TT protein present in the
total reaction (460 ug) (Table 3.11). Similar to TT-GAC analysis,
immunoprecipitation analysis separated unconjugated TT from conjugated TT.
Based on ODusonm absorbance signal, 184 ug of TT was conjugated and 127 ug of
TT unconjugated, equating to 54 % and 37 % of the purified conjugate sample TT
content (Table 3.11). When considering conjugated TT and GAS_Rha
concentrations, the protein to polysaccharide ratio was calculated to be between 1 :
0.18 and 1: 0.37 w/w TT to GAS_Rha. This equates to a molar ratio of between 1 :
3.30and 1:6.81 m/m TT (2.04 uM) to GAS_Rha (6.75 — 13.90 uM) (Table 3.12)
when considering the respective molecular weights of 90,000 Da and 4,892 Da
(Table 3.9).

Further analysis of TT-GAS_Rha was carried out in a similar manner to SpyAD-
GAC (Chapter 3 section 3.4.6) using HPLC-SEC techniques. The aim was to show
differences in retention time of TT-GAS_Rha glycoconjugate and the TT component
alone. TT-GAS_Rha showed a minor size shift at 12.577 minutes compared to TT
alone at 12.537 minutes (Figure 3.17). This was a consistent finding, with TT eluting
at the same retention time and TT-GAS_Rha conjugate eluting later following

multiple runs (Appendix Figure 7.5a).
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Figure 3.17: HPLC-SEC chromatogram of chemical glycoconjugate TT-GAS_Rha.
Glycoconjugate samples were injected into a bioZen 1.8 um SEC-2 LC column (Phenomenex®)
with 150 pore size (A) and analysed by SEC at UV214nm. Injected glycoconjugate samples, TT-
GAS_Rha (blue line) were compared to protein only samples, TT (black line), to observe a size
change indicative of successful conjugation. Red shading shows the peak area for glycoconjugate

samples.

120



Table 3.11: Quantification of chemical glycoconjugate vaccine components.

Unconjugated (UC) component analysis. Polysaccharide concentration (ug/ml) based on Anthrone?

and H-PAD?, and protein concentration (ug/ml) based BCA? analysis and immunoprecipitation —
ELISA* analysis. NT = Not Tested.

Total PS and protein is following buffer exchange (total reaction) and the conjugate / unconjugated

is following MWCO purification to generate the purified conjugate sample.

Polysaccharide Protein
Reaction UC and
Total'!  Conjugated®  Conjugated? uct uc? Total® ] Conjugated*
conjugated®
104 127 157 115 170 98
TT-GAC 328 250
(32 %) (39 %) (49%)  (35%) (68 %) (58 %)
SpyAD- 207 195 129 122 210
409 370 NT
GAC (51 %) (48 %) (32%) (30 %) (57 %)
TT- 68 33 154 61 340 184
295 460
GAS_Rha (23 %) (11 %) (52%) (21 %) (74 %) (54 %)

Table 3.12: Total and conjugate ratios of chemical glycoconjugate vaccines.

Weight (w/w) and molar (m/m) ratios of protein (TT or SpyAD) to polysaccharide (PS) (GAC or

GAS_Rha). Molar ratios were converted assuming protein molecular weight (mw) to be 90,000 or

88,000 g/mol for TT or SpyAD respectively, and WT GAC and GAS_Rha average polymer mw to

be 9,837 and 4,892 g/mol respectively. NT = not tested. These are based on purified conjugate

samples only.
Conjugated PS*?/ Unconjugated & ) ] ]
) i Conjugated PS¥?/ Conjugated Protein®
] Conjugated Protein®
Reaction - -
) ) Conjugate Conjugate
Protein : PS wiw Protein : PS m/m ) )
Protein : PS w/w Protein : PS m/m
1:0.61 ww'3 1:5.59 m/m*® 1:1.06 wiwt* 1:9.72 m/m**
TT-GAC 1:0.75 ww?3 1:6.83 m/m?3 1:1.30 wiw?* 1:11.87 m/m?*
SpYAD-GAC 1:0.99 wiw'? 1:8.84 m/m*3
Py 1:0.99 wiw?? 1:8.33 m/m?? NT NT
1:0.2 wiwt® 1:3.68 m/m'3 1:0.37 wiwt* 1:6.81 m/m*
TT-GAS_Rha 1: 0.10 wiw?3 1:1.79 m/m?3 1:0.18 w/iw?* 1:3.30 m/m?*
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3.5. Discussion

This Chapter demonstrates the successful generation of three chemically derived
glycoconjugate vaccines, two containing classical protein carrier TT, and one
‘double hit’ glycoconjugate vaccine containing GAS antigen SpyAD. All three
glycoconjugates were built using the same approach, a two-step reaction using
EDC (Carbodiimide) and sulfo NHS stabiliser.

3.5.1. Glycoconjugate Antigen Selection

3.5.1.1. Polysaccharide Glycoconjugate Vaccine Components
(Wildtype GAC and GAS_Rha)
GAC as an attractive vaccine component, was successfully extracted, purified, and
conjugated to two different proteins (TT and SpyAD). However, WT GAC contains
GIcNAc epitopes which may result in autoimmune antibody generation, therefore
this work also investigated polysaccharide polymers containing rhamnose only
(GAS_Rha) as an alternative antigen. GAS_Rha could be successfully conjugated
to classical protein carrier TT. Testing of IVIG by ELISA showed antibodies present
recognised WT GAC whereas testing for GAS_Rha was inconclusive (data not
shown). This confirms the presence of anti-GAC antibodies in the human population

and that GAC is a viable vaccine candidate, in accordance with the literature®.

Prior to conjugation, to obtain GAS_Rha, a deletion was introduced into the GAS
genome to knockout the gacl gene within the gac operon. A previous publication
generated a similar mutant GAS strain through plasmid integrational mutagenesis
knocking out the gacl gene by inserting cat, Chloramphenicol Acetyltransferase
gene, in GAS strain M1T1 5448, This mutant did not show differences in colony
morphology, nor changes in growth compared to the parent strain over a 7 hour
time period in TH broth without yeast supplementation!4?. Rather they determined
that the gacl deletion affects cell separation of stationary phase cultures!*!. Such
differences were less pronounced in exponential phase cultures, perhaps explaining
the apparent shorter GAS chains observed in exponential phase cultures by
microscopy in this work. Such phenotypic differences may also be explained by
differences in strain background leading to altered gene expression, particularly
considering the spatial differences within the gac operon between an in-frame gene

deletion and an insertional knockout.

Mutant GAS colonies showed reduced agglutination with Group A reagents
compared to WT GAS. This test relies on latex particles interacting with group-

specific antibodies, agglutinating in the presence of homologous antigen, therefore,
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this was an expected result due to the loss of immunodominant GIcNAc residues.
Additionally, gacl mutant whole cells treated with hyaluronidase, as well as purified
GAS_Rha polysaccharide samples showed reduced sWGA lectin blotting compared
to WT GAS. Hyaluronidase treatment was required to remove the capsule which
also contains GIcNAc residues to ensure GAC GIcNAc analysis wasn’t confounded
by this factor. These are similar observations, along with agglutination reactions, to
the characterisation performed in a previous study!#'. Additionally, both WT and
Agacl strains were found to share similar whole cell lysate total protein profiles as
stained by Coomassie blue (Appendix Figure 7.3a) and purified polysaccharides
samples were found to react with polyclonal goat and rabbit anti-GAS sera,
suggesting some antibodies found in these products are directed at the rhamnose
backbone. Murine anti-protein serum also reacted with Agacl GAS cell walls
(Appendix Figure 7.3b).

However, normalised samples showed that purified GAS_Rha consistently gave
weaker anti-GAS antibody signals compared with WT GAC, likely explained by the
loss of the immunodominant GIcNAc epitope, and the branching structure deemed
to be important in epitope recognition*4*532, In addition to immunological techniques,
NMR was used to determine the identity of both polysaccharide variants. Rhamnose
and GIcNAc specific regions could be distinguished for WT GAC, with a clear loss of
the region resolving N-acetyl CHs (GIcNAc) in GAS_Rha samples demonstrating
that the gacl deletion results in the production of polysaccharide containing
rhamnose only. Such polysaccharide identity differences may have been
complimented by additional characterisation to determine the mole percentage
amount of individual sugars. This type of HPLC tracing and linkage analysis has
been previously performed on GAS rhamnose polysaccharides'*!, however, was not
possible in the present study because of material constraints associated with low

polysaccharide extraction yields following cell wall enzymatic digestion.

Along with identity verification, when using polysaccharides as vaccine antigens
their size, specifically relating to polymer chain lengths, is important to analyse as
this may be relevant for the vaccine’s physicochemical and immunogenic properties.
Average polymer chains were found to be 18 repeating units for WT GAC and 15
repeating units for GAS_Rha. WT GAC is within the molar mass range observed in
the literature. One group producing synthetic GAC determined it to be 8.9 +/- 1 kDa
consisting of 18 repeating units!*®, whereas another group which chemically
extracted GAC using acid treatment, reported an average polymer length of 14

repeating units, based on the average molecular size of 7.0 kDa, sized based on
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dextran standards*!! rather than MALS analysis used in this work. Such minor
differences may be possibly due to strain differences, material loss through the

selection extraction method, or from the chosen measurement methodology.

The extracted GAS_Rha polymers in this work showed shorter average chain
lengths compared to the limited data available in the literature. Published studies
characterising extracted rhamnose polysaccharides found the average chain size to
be 7.2 kDa from a similar mutant GAS strain*'2, Differences may be due to changes
in expression levels across the operon through the different mutation methods. For
example, the gene deletion may have affected the expression of downstream genes
within the gac operon due to spatial differences in the promoter region. Alternatively,
as the Agacl GAS mutant strain genome was not sequenced, it is possible there
could be undetected mutations within the chain length regulator region. Generally,
however, small size discrepancies between this work and the work of others may be
explained by different polysaccharide extraction techniques. For example, acid
treatment can hydrolyse bonds within the polysaccharide chain, observed in a study
showing loss of the glycerol phosphate moiety in acid extracted WT GAC compared

with enzymatically extracted GAC°,

In this study applying a traditional sizing workflow based on molecular weight and
UV detection was not possible due to poor UV signals observed at the recorded
wavelengths (214, and 280,m) for rhamnose monosaccharides. In fact, when
testing a range of UV wavelengths, it appeared rhamnose showed the best optical
activity at lower wavelengths, such as 187.n (Appendix Table 7.2). Therefore, MALS
was selected as an alternative detection method to determine molecular weight
directly, independent of elution time. It also proved useful due to the lack of
commercially available GAC related reference material. WT GAC and GAS_Rha
polymers were found to be relatively small and close to each other in size making
the separation of these molecules difficult. MALS detection is only effective if good
separation and resolution is achieved on the SEC column, with the accuracy for
lower molecular weight species found to be influenced by sample load and chosen
eluent. A variety of columns and mobile phases were tested in this work to ensure
analytes were within the useful range of SEC, however even with an optimised
system, high percentage errors were attributed to polysaccharide samples molar
mass, polydispersity, and hydrodynamic radius readings. This shows that further
optimisation of columns, compatibility with eluents®®, as well as detection methods,
may have yielded more accurate sizing data, as the UV detector on the MALS

system was not capable of going below 190, wavelength.
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3.5.1.2. Protein Glycoconjugate Vaccine Components (Malg, SpyCEP
and SpyAD)

In addition to polysaccharide antigens, the selection of an appropriate carrier protein

should not be underestimated. The protein component actively participates in

immunological processing which is critical for induction of high avidity antibodies,

and immune memory particularly in infants and the elderly. A number of GAS

specific carrier protein antigens have recently been investigated for attachment to

GACHL412447 due to increased interest in improving vaccine immunogenicity*’2.

Prior to conjugation, this work selected protein antigens from GAS based on the
literature demonstrating essential roles in pathogenesis and ability to generate
immune responses. Selected proteins are present across the range of GAS
infection stages, such as initial host adhesion through MalE and SpyAD, to invasive
disease for SpyCEP, with the aim that blocking such functions may stop
colonisation and pathogenicity. The proteins vary in their characterisation with
SpyCEP, followed by SpyAD being most characterised, currently included in
experimental vaccines at various stages®7411412 and MalE as the most novel
candidate not currently included in any vaccine despite identification as a potential

target!56:506,

Experimentally, the immunogenicity of purified recombinant protein antigens on their
own was investigated using in silico tools, IVIG, and in a murine model, assessing
the generation of IgG antibodies and antibody function. Although all protein carriers
appear to induce some level of immunogenicity, SpyAD and SpyCEP are more
immunogenic compared to MalE. Such improved immune responses for SpyAD and
SpyCEP raised in mice corroborates the in silico and IVIG ELISA data showing that
both proteins have more predicted protective cell epitopes and higher IgG GMT
compared to MalE. As stated in the literature, immunogenic regions of SpyAD and
SpyCEP are more defined, appearing to be localised to the NTD regions. These
antigens produce more robust humoral responses, as well as induce similar levels
of protection against GAS mouse challenge from a number of GAS isolates3%. A
previous study investigating SpyAD and SpyCEP as carrier proteins in GAC
glycoconjugates and as antigens alone showed comparable anti-protein total IgG
levels similar to this work*t. However, as the vaccines were standardised to the
polysaccharide component, the SpyCEP dose was in fact 2.7 times lower than
SpyAD, suggesting SpyCEP is more immunogenic than SpyAD, similar to mouse
data in this work. In comparison, MalE has been found to be less immunogenic in

this work as well as in other immunogenicity studies**3. Some studies however have
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shown that specific antibodies can be generated in mouse models®®®, indicating that
although not fully apparent following the in silico analysis of the antigen structure,
the protein in fact encodes accessible immunogenic epitopes. This, along with TT,
determined to not be an antigen based on this analysis, despite inclusion in licenced
vaccines and shown to be immunogenic experimentally®**, demonstrates in silico

tools cannot be solely relied upon for antigen selection.

Western blot analysis confirmed the presence of all antigens in their predicted
cellular compartments, but high concentrations of antibodies were needed for the
detection of MalE and SpyCEP, based on low anti-protein antibody titres and poor
detection respectively. Cells were not treated with hyaluronidase, therefore capsule
may have interfered with native protein detection in this instance. Additionally, in the
case of SpyCEP antigen, protein specific antibodies are functional at reducing IL-8
cleavage, which may be important during infection to prevent immune evasion
strategies. In the literature, functional antibodies that prevent IL-8 cleavage were
demonstrated to confer protection against infection?°®51t, Conjugation chemistry will
prove to be essential for retaining this functionality as “mesh-like” conjugates have
previously been shown to prevent this functional immune response against SpyCEP
despite good anti-protein 1gG titres*!*.

3.5.2. EDC Carbodiimide Conjugation Chemistry Suitability

Preservation of polysaccharide, as well as carrier protein epitopes, are important in

generating immunogenicity from glycoconjugate vaccines, particularly for ‘double hit’
vaccines. Further, GAC as a small and simple polysaccharide, means that any
minor disruption of epitopes has the potential to have a major impact on immune
system presentation, compared with larger and more complex polysaccharides®®.
For this reason, the conjugation process itself should be uncomplicated and mild, to

limit masking or damage to protective epitopes on both components.

While there are several conjugation chemistries, only a few have been used in
licensed vaccines. Reductive amination is the most broadly used conjugation
method, requiring aldehyde groups on polysaccharide antigens and lysine residues
on carrier proteins3®41, Despite having been used to conjugate GAC
polysaccharides in previous studies, it was decided to not proceed with reductive
amination in this work. This was due to observed batch to batch inconsistency with
GAC containing reactions*!!, and the requirement of polysaccharide oxidation

through sodium periodate treatment to render it more reactive, which can impact
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epitope availability through ring-opening®3®. This work investigated suitability of EDC

as a zero-length linker method to conjugate GAC variants and protein carriers.

EDC itself does not form part of the final conjugate product. This is beneficial when
using small polysaccharides as it preserves the polymer structure and
conformational epitopes. The EDC conjugation method requires carboxylic acids for
linkage, with both GAC variants shown to contain such reactive groups through
polymer biotinylation using EDC. This semi-selective method generates “sun-like”
glycoconjugate structures, with polysaccharide polymers attached from their
reducing ends, distinct from other preclinical studies using acid hydrolysis
methods®94%, Enzymatically extracted GAC variants were predicted to have
preserved polymer chains due to the extraction method using PlyC, enabling

reducing end targeting.

Other groups investigating GAS specific glycoconjugate vaccines such as
Kabanova et al.,'*® have suggested that native GAC extraction methods may lead to
contaminants such as M protein or hyaluronic acid. They therefore investigated
synthetic GAS core oligosaccharides, proposed as superior alternative antigen in
terms of purity. To mitigate the risk of contaminants in preparations, in this study
GAC extraction samples underwent thorough purification to remove contaminants,
validated by NMR analysis to confirm the absence of these potential contaminants

within preparations.

3.5.2.1. EDC Carbodiimide Conjugation Procedure Optimisation

Initial attempts to achieve MalE or SpyCEP conjugates had failed using the readily
available one step EDC reaction protocols. Hence, some optimisation steps were
taken to increase the chances of conjugation for all target proteins. EDC chemistry
can result in two unfavourable reactions, inactivation of ester intermediates and
hydrolysis of EDC itself prior to linkage®?*. The first step was to increase the amount
of polysaccharide as much as possible to increase the reaction chances, mitigating
unfavourable side reactions which can be difficult to limit, control, and
experimentally observe. Hydrolysis and inactivation of O-acylisourea ester reaction
intermediates occurs rapidly in aqueous solutions particularly when active
carboxylates do not find the required amine group for conjugation. This is prevalent
when target molecules for conjugation are in low concentrations compared to water
within reaction buffers, resulting in isourea formation and regeneration of the
carboxylic group, which cannot partake in the coupling reaction®*’. Higher

polysaccharide concentrations can therefore reduce this occurrence so this was
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tested with GAC variants, however this was limited by the polysaccharide yields
which could be obtained from bacterial cultures (1 — 3 L), limiting the possibility to

scale up reactions to obtain milligrams of polysaccharide.

The second step was to prevent the hydrolysis of EDC linking agent, which is
prevalent in certain reaction conditions. The literature is consistent in the use of
MES buffer for the initial carboxylic acid activation step using EDC, to stabilise the
pH within the acidic region. At acidic pH, EDC reacts quickly, reducing active ester
intermediate hydrolysis, therefore increasing active species availability>®’. However,
at acidic pH hydrolysis of EDC can occur more rapidly, which often occurs when in
excess compared to the carboxylic acid containing molecule®®’. Despite attempts at
pH optimisation to balance EDC activation and stability using 100 mM MES buffer
pH 5.5, limited conjugation between TT, MalE and SpyCEP with WT GAC was
observed in the single step reaction (Appendix Table 7.3). This may be because
such pH conditions are non-optimal for amide bond formation, observed to be
between pH 6 and 7.5,

Additionally for successful conjugation to occur both protein and polysaccharide
components must be soluble and stable in reaction buffers at the required
concentrations. Throughout this work protein precipitation was observed when
added directly to 100 mM MES buffer pH 5.5, therefore reducing the amount of
carrier protein available for covalent attachment. To overcome this, and improve
amide bond formation, a two-step method was tested increasing the pH to 7.2
before carrier protein addition. However, some protein precipitation was still
observed even at more neutral reaction pH, particularly for SpyCEP protein

discussed below.

Finally, a defined two-step method was selected but with the introduction of sulfo-
NHS stabiliser. This process first activated and stabilised the polysaccharide
carboxylic acid, followed by optimising the pH required for amide bond formation on
protein carriers. Sulfo-NHS generates sulfo-NHS esters, a stable intermediate, from
a reaction between the GAC variants carboxylic acids and NHS in the presence of
EDC. Generated intermediates contained hydrophilic active groups that couple
rapidly with amine nucleophiles, attacking the electron deficient carbonyl of the
active ester. This results in the sulfo-NHS group leaving to create a stable amide
linkage with the protein carrier, without being part of the final glycoconjugate.

Additionally, this method provided a means to remove excess EDC by quenching
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with thiol containing 2-ME compound after the GAC activation step, to prevent

protein — protein conjugation.

Care was taken when carrying out the two-step sulfo-NHS conjugation method as
NHS ester intermediate stability is improved in acidic conditions with low reaction
water content. NHS activated molecules must also be used promptly for the addition
of amine containing molecules. Therefore, 100 mM MES pH 5.5 was continued to
be used for activation of GAC variants incubated with EDC and sulfo-NHS, before
immediate buffer exchange to sodium bicarbonate and PBS for amide bond
formation. The latter therefore provided a more alkaline pH and salts to maintain
protein stability in solution, considerably reducing protein precipitation for all
reactions, successfully generating TT and SpyAD conjugates. Storage of chemical
glycoconjugate reactions was also assessed in these buffer systems over a one
month period (Appendix Figure 7.1).

However, for SpyCEP, although having a structure most similar to TT based on in
silico analysis, and available surface exposed lysine residues for attachment
successful conjugation remained elusive. It repeatedly precipitated in the
conjugation reaction buffers tested, and it was prone to degradation (Appendix
Figure 7.4b). Previous work developing successful SpyCEP containing
glycoconjugates used the full sized protein*'! rather than a cloned subunit like the
one used in this work and others?®, Full sized SpyCEP will have contained more
lysine residues available for conjugation. It would also have different
physicochemical properties, which would likely have made it more stable in solution.
MalE could also not be conjugated perhaps due to showing the lowest percentage
of surface exposed lysine residues across all the proteins tested and smaller protein
size. Additionally, differences in protein structure and therefore lysine availability
may have been observed due to the more acidic conditions of EDC conjugation

reactions.

Nevertheless, three glycoconjugate vaccines were successfully generated, which
suggests that the suitability and optimisation of EDC reactions may be specific to
each protein carrier. It is likely influenced by a combination of protein characteristics
such as molecular weight, conformation linked to amine group exposure, as well as
protein pl in specific pH reaction buffer conditions linked to stability. Specifically,
lysine reactivity has been linked to both solvent and reagent accessibility and amino
acid sequence®®, sometimes leading to preferential conjugation to certain lysine

residues which are positioned in more favourable protein or peptide regions*®, It
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has also been shown that at slightly basic pH, the lysine with the lowest pKa is the
kinetically favoured residue for reactions®*, therefore optimised buffer systems may
have improved reactive group availability and thus conjugation success for

unsuccessful protein candidates.

3.5.2.2. Confirmation of EDC Carbodiimide Conjugations

Initially, conjugation reactions were analysed using western blotting analysis,
probing for both GAC and protein carriers simultaneously as a quick and simple
analysis. In all three purified glycoconjugate samples, there was little evidence of a
size increase. However, western blots demonstrated that extracted and purified
GAC variants do not appear to migrate at a defined size. This was perhaps due to
the extraction process, and polysaccharide properties such as charge and structure,
or potential polymer chain length heterogenicity within the samples. This, therefore,
made the analysis of glycoconjugate size ambiguous; however, blotting was able to
successfully demonstrate the separation of lower molecular weight species of
unconjugated GAC from the glycoconjugate sample particularly for TT-GAC.

Therefore, to initially confirm successful conjugation before extensive
physicochemical analysis, alternative methods not based on size separation were
investigated. A capture ELISA was developed for both TT and SpyAD testing,
successfully showing a signal with glycoconjugate samples, not observed in
controls. However, this method purely confirms linkage of protein to the
polysaccharide, and due to GAC signal amplification, it does not give any

information regarding glycoconjugate physiochemical properties.

Further analysis was carried out to confirm conjugation and determine conjugates
physicochemical properties such as size shift following conjugation. HPLC-SEC is
the gold standard for confirming conjugation in the literature. Conjugate size and
polydispersity determination is also important for understanding the observed
immunogenicity of vaccines downstream. This work showed differences in run times
for protein components alone (TT or SpyAD) compared with the proteins when
conjugated to either WT GAC or GAS_Rha using UV214nm detection. This suggests
that conjugation of polysaccharide alters the molecules hydrodynamic radius and
therefore interaction with the column and elution properties. Nevertheless, baseline
separation was difficult to achieve due to poor resolution, despite selecting a porous
column with a separation range of 1 - 450 kDa, suitable for low molecular weight
species. Similarities in hydrodynamic radius between unconjugated and conjugated

proteins, and the low molecular weight of polysaccharides (4.9 - 9.8 kDa) compared
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to the large molecular weight of proteins (88 — 90 kDa) was likely the cause for
difficulty in achieving distinct peaks. This may have been exacerbated by the
presence of unconjugated protein in the glycoconjugate samples, resulting in
broader peaks due to mixed protein populations, similar to the issues observed in
SDS-PAGE separation and western blotting. Additionally, separation may have
been influenced by the linear nature of polysaccharides, arranged around the
protein in a “sun-like” structure due to reducing end conjugation. Larger “mesh-like”
structures are likely to have more distinct elution times than these small linear
polymer structures*. This concept may explain the small differences observed
between unconjugated and conjugated protein, particularly for TT-GAS_Rha
containing shorter GAS_Rha polymers compared to WT GAC within SpyAD-GAC
glycoconjugate.

Using HPLC-SEC methods TT-GAC did not show any distinct size differences
compared to TT protein carrier alone (Appendix Figure 7.6a). Rather for this
conjugate, changes in physicochemical properties such as protein hydrophobicity and
polarity were investigated using reverse-phase chromatography (RP-HPLC). This
approach was selected as TT has hydrophobic surfaces that facilitate RP-HPLC540:541,
a gold standard technique used for protein / peptides separation®*?. TT-GAC showed
different hydrophobicity than TT alone suggesting that conjugation alters the overall
TT structure, influencing how it interacts and elutes from the C-18 column using an
ACN gradient. However, the TT-GAC sample failed to show a peak representing
unconjugated TT predicted to be within the sample preparation. This may be due to
lack of column resolution to distinguish the two protein populations, especially given
more TT is conjugated than unconjugated. Though interesting, showing changes to
protein physicochemical properties after conjugation, quantitative glycoconjugate
sizing was not possible due to low resolution, resulting in small differences in retention
times. Future analysis may therefore benefit from the use of more sensitive markers,
or rather condition optimisation to achieve better peak resolution through different

mobile and stationary phases to suit protein physiochemical properties.

3.5.3. Determination of Polysaccharide : Protein Ratio in Glycoconjugates

An important consideration in the optimisation of chemical conjugation reaction is to
limit the percentage of unconjugated components. It is essential to quantify and
remove these components where possible as evidence suggests that these can
negatively influence immune response stimulation®#3544, There are several

approaches which can be used to experimentally quantify unconjugated

131



components in order to determine the ratio of conjugated protein to conjugated

polysaccharide within a purified glycoconjugate.

The simplest and quickest methods to quantify components in a purified sample are
colourimetric assays (e.g. anthrone and BCA). This work also tested H-PAD as an
alternative chromogenic method for WT GAC quantification. For the most part, H-
PAD and Anthrone polysaccharide quantification for WT GAC containing
glycoconjugate samples were shown to be fairly consistent with each other, both
used in calculations for weight / weight (w/w) and molar (m/m) calculations.
However, GAS_Rha detection and quantification by H-PAD proved more
problematic, with minimal signal observed for purified GAS_Rha polysaccharide
only samples, as well as conjugate sample TT-GAS_Rha (data not shown).
GAS_Rha was reactive by anthrone, similar to a recent study quantifying
polysaccharide content of rhamnose specific glycoconjugate vaccines**?. Final
optical density readings however were found to be lower when using rhamnose only
standards compared to a rhamnose and GIcNAc mixture for WT GAC quantification,
suggesting rhamnose is less sensitive to reacting with anthrone reagent than
GIcNAc. An adjusted standard concentration curve was required, therefore lowering
the sensitivity of the assay for GAS_Rha quantification in glycoconjugate samples.

For determining the ratio of conjugated protein to conjugated polysaccharide
immunoprecipitation of TT-GAC and TT-GAS_Rha glycoconjugates was necessary.
Samples showed a similar percentage of conjugated TT but in the context of ratios
to polysaccharide, the TT-GAC reaction appeared to be more efficient with higher
GAC decoration compared to TT-GAS_Rha. Such molar calculations consider the
molecular weight of both protein, and polysaccharide from SEC-MALS analysis of
pre-conjugation material. The apparent lower level of decoration of TT with
GAS_Rha compared to WT GAC may be explained by the unique characteristics of
GAS_Rha compared to WT GAC, such as GAS_Rha showing lower yields following
extraction and purification, due to suspected reduced PlyC activity on cell wall
peptidoglycan digestion (Appendix Table 7.1). This would have hindered carboxylic
acid availability for attachment, a theory backed up by reduced biotin signal for
GAS_Rha compared to WT GAC. The calculations also assumed that all free
polysaccharide was removed by spin purification, however a more accurate ratio
would be achieved if the unconjugated polysaccharide was tested for conjugates,

but this was not possible with the material and time constraints of this project.
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3.6. Summary

Based on the objectives, three GAS protein antigens, specifically MalE, SpyAD, and
SpyCEP were selected and deemed appropriate to investigate as carriers. These
were subsequently cloned, expressed, and purified, along with monomeric TT for
comparison purposes. Additionally, a GAS gacl mutant strain was developed
producing polysaccharides which could be enzymatically extracted and purified
along with WT GAC from GAS cells.

Both extracted and purified glycoconjugate vaccine components were subsequently
shown to contain reactive compatible groups for EDC chemical conjugation
reactions. Reactions were optimised to achieve ideal conditions for conjugation by
modifying component ratios, reaction pH, and the inclusion of a stabiliser.
Successful conjugation was determined for three reaction combinations, specifically
TT-GAC, SpyAD-GAC and TT-GAS_Rha. Quantification of conjugation components
were calculated for each glycoconjugate, and the ratio of conjugated protein to
conjugated polysaccharide was calculated in some instances. Glycoconjugate
vaccines were also separated based on size, showing differences in retention times,
as well as differences in physiochemical properties compared to protein
components alone. In short, this Chapter describes the manufacture of novel GAS
specific glycoconjugate vaccines using an optimised chemical conjugation
approach. Such vaccines will be compared to glycoconjugates generated using

biological conjugation for antibody generation and function.

133



CHAPTER 4

Use of Bioconjugation to Manufacture GAS

Glycoconjugate Vaccines

4.1. Introduction

Despite extensive research there is currently no effective licensed GAS vaccine®®,
therefore alternative vaccine design approaches are imperative. Traditionally,
glycoconjugates composed of extracted polysaccharide and recombinantly
produced protein are conjugated chemically in a complex and costly multistep
process described in Chapter 3. Chemical conjugation has limitations such as
technical challenges, low product yields, and batch to batch variation>*¢. Therefore,
in recent years the development of Protein Glycan Coupling Technology (PGCT)
has provided an alternative and in some cases superior method to chemical

conjugation®¥’.

PGCT has the potential to simplify glycoconjugate production, and has since been
adopted as a glycoconjugate manufacturing method by a number of pharmaceutical
companies, investigating the use of this technology in vaccine clinical trials>#-5%,
PGCT exploits and manipulates bacterial polysaccharide biosynthesis pathways,
including the O-antigen, capsular polysaccharide, protein linked glycosylation
pathways, as well as conjugation to lipids. The term bioconjugation covers a number
of related PGCT glycosylation systems, with two characterised by the amino acid
within specific protein acceptor sequons for polysaccharide attachment, namely
asparagine (N-linked) or serine/threonine (O-linked) glycosylation®5%:5°2, N-linked
glycosylation, specifically using oligosaccharyltransferase (OST) PgIB (protein
glycosylation B) from Campylobacter jejuni, and is arguably the most well
characterised bioconjugation approach®?2. This will form the basis of the work in this
Chapter describing glycoengineering biotechnology in the workhorse bacterium

Escherichia coli aiming to develop GAS specific glycoconjugate vaccines.

4.1.1. Discovery of Protein Glycan Coupling Technology (PGCT)

PglIB specific N-linked glycosylation machinery is encoded by the pgl operon, first
discovered within the C. jejuni (strain NCTC 11168) genome in early 2000°%,
independent of the lipopolysaccharide (LPS) and flagella O-linked glycosylation
loci®®4. The gene cluster is responsible for glycosylation of proteins with the C. jejuni

heptasaccharide*® (Figure 4.1). Genes for heptasaccharide synthesis are encoded
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along with the pgIB gene encoding the OST enzyme pivotal to bioconjugation
function, transferring fully assembled polysaccharides from lipid linkers to protein

substrates®®®.

Successful cloning and expression of the genetic loci required for functional
reconstitution and biosynthesis of C. jejuni heptasaccharide within E. coli cells has
opened up the possibility of conjugating recombinant polysaccharides to proteins for
both research and industrial applications®%553:5%6.557 gy ch E. coli cell expression
systems have since been used as “vaccine factories”, exploited at both the basic
research level, as well as in product development>8549, PGCT is therefore
becoming a feasible alternative to chemical conjugation®®®, with benefits such as E.
coli systems producing inexhaustible fully synthesised recombinant polysaccharide
sources, and readily purified glycoproteins at reduced costs and improved yields®®.
Currently the leading bioconjugate vaccine candidates manufactured with this
technology are multivalent Shigella bioconjugate vaccines which have proceeded
successfully to phase 1 (e.g. S. dysenteriae or S. flexneri 2a, ClinicalTrials.gov:
NCT01069471 or NCT02388009 respectively)>®5%0, as well as phase 2b clinical
trials for S. flexneri (ClinicalTrials.gov: NCT02646371)%, in addition to a tetravalent
Extraintestinal Pathogenic E. coli (EXPEC) bioconjugate vaccine in phase 2
(ClinicalTrials.gov: NCT02546960)%.

4.1.2. C. jejuni pgl Operon Biosynthesis Mechanism and Expression

Expression of the 11 genes assembles and transports the C. jejuni heptasaccharide
polysaccharide®*3°%’ (Figure 4.1) to the periplasm for attachment onto a number of
native protein substrates using PgIB OST®*® by N-linked glycosylation®°°:°62563 The
heptasaccharide is composed of GalNAca1,4-GalNAca1,4-[GIcB1,3-]GalNAca1,4-
GalNAca1,4-GalNAca1,3-BacB1, where GalNAc is N-Acetyl-Galactosamine, Glc is
glucose, and Bac is bacillosamine. The heptasaccharide added to such protein
substrates, is first synthesised onto an undecaprenol-pyrophosphate (Und-PP) lipid
linker attached to the cytoplasmic leaflet of the inner membrane. A flippase enzyme
is then responsible for translocation of the fully synthesised polysaccharide across
to the periplasm, where it can be subsequently recognised by PgIB and attached
onto a recognition sequon on a given acceptor protein®¢°%4, The protein recognition
sequon for N-linked glycosylation is D/E-X-N-X-S/T, where X represents any amino
acid except proline, and positive D/E and S/T amino acids are at the -/+ 2 positions,
pivotal in locating asparagine (N) as the acceptor amino acid®®. Bacterial N-linked
glycosylation occurs primarily after protein folding but PgIB can also act co-

translationally®®®:°¢’, Protein glycotags must be accessible to PgIB, and if not natively
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present should be engineered into flexible open regions®®, such as the N- and C-

termini®®’, extended out from the proteins native conformation and structure.

(A)
— waaC- wlaX 1 galE - wilaB {ngH -{ pglL. < pghd W 1pglC ~pglD ~ pglE 4 pglF -
1kb
PglH PglJ PglA PgIC
al,4 al,4 al,4 al,4 al,3 B1
(B) GalNAc — GaINAc — GalNAc — GalNAc — GalNAc — Bac —
B1,3
Glc PgIL

@-

Figure 4.1: The pgl locus in Campylobacter jejuni (NCTC 11168) produces a heptasaccharide
for bioconjugation onto carrier proteins by PglB OST enzyme.

(A) Schematic representation of the pgl genetic locus in C. jejuni. Horizontal arrows represent each
gene designation, with colour denoting predicted gene function. Green, glycosyltransferase; blue,
sugar biosynthesis; red, oligosaccharyltransferase; yellow, ABC transporter, and orange LPS

transferases.

(B) Polysaccharide product from the resulting pgl encoded proteins with monomer linkages, and a
visual representation based on nomenclature for glycans (SNFG)7%37%4, Square = GalNAc , circle =
glucose , hexagon = bacillosamine. Green text refers to the products of genes in Figure 4.1a

highlighted in green.

Original figure adapted from Linton et al.*®°. Sequence data assembled from Y11648 and

AJ131360 acquisition numbers in NCTC 11168 strain.
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4.1.3. Glycoconjugate Production using C. jejuni PglB Bioconjugation Inside

E. coli Cells
Successful N-linked glycosylation of proteins inside E. coli glycoengineering host
cells involves recombinant expression of three components, a polysaccharide
biosynthesis locus, an acceptor protein with OST specific acceptor motif/s, and an
OST enzyme source. These components are then targeted to the periplasmic face
of the inner membrane where conjugation occurs (Figure 4.2).
(A) (B)
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Figure 4.2: Glycoconjugate production using C. jejuni PgIB bioconjugation inside E. coli
host cells.

(A) Plasmids containing genes encoding polysaccharide (PS) biosynthesis (green), the protein
acceptor (blue) containing a glycotag (yellow star), and the oligosaccharyltransferase (OST) PgIB
(red) are co-transformed into E. coli host cells.

(B) Bioconjugates are produced as follows; (1) The polysaccharide biosynthesis locus is expressed
and built onto undecaprenol-pyrophosphate (Und-PP) lipid linkers within the inner membrane. (2)
The polysaccharide is flipped from the cytoplasm to the periplasm by a specific flippase enzyme.
(3) The carrier protein is expressed and synthesised in the cytoplasm. (4) Synthesised carrier
proteins are exported to the periplasm through the Sec secretion system. (5) In the periplasm both
the polysaccharide and the carrier protein containing a specific glycotag can be recognised by PglB
OST enzyme. PgIB transfers the polysaccharide from Und-PP onto the asparagine residue within
the glycotag D/E-X-N-X-S/T motif on the fully folded carrier protein, resulting in protein
glycosylation. (6) An inexhaustible supply of glycoproteins can be subsequently purified from E. coli
cells.

Original figure created with BioRender.com based on Cuccui et al.”,
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Wacker et al.%®, first demonstrated expression and conjugation of the C. jejuni
heptasaccharide to AcrA, a native C. jejuni periplasmic lipoprotein, ~ 40 kDa in size
with two naturally present asparagine residues for PgIB targeting using a
glycoengineering E. coli host. This proof of concept study showed successful
glycosylation of AcrA protein following transfer of the pgl genetic locus into E. coli, a
bacterium that does not natively possess any N-linked glycosylation machinery®.
Such findings opened the possibility of E. coli cells expressing PgIB to be used to
transfer a diverse range of polysaccharide substrates to a variety of acceptor

proteins to generate glycoproteins.

As the bioconjugation field has developed, several recombinant polysaccharide and
protein carrier combinations have been tested for different pathogens. A ‘one pot’ in
vitro assay has been devised as a simplified alternative bioconjugation testing
approach. This method, originally developed by Jaroentomeechai et al.,’’, is a
novel cell-free glycoprotein synthesis approach. In short it works by obtaining cell
extracts which are selectively enriched with glycosylation components including the
oligosaccharyltransferase enzyme as well as lipid linked polysaccharide and
recombinant protein. These are then co-incubated in single tube where the linking
reaction occurs outside of the cell, offering benefits such as more control over
relative concentrations and overall reaction times. Both the traditional cell-based
(Figure 4.2) and ‘one pot’ in vitro methods will be assessed for their relative merits

towards the generation of GAS specific bioconjugates.

4.1.4. Recombinant Polyrhamnose Expression in E. coli Based on Group A

Carbohydrate (GAC) and Homologs in Streptococcus mutans
Cell surface Group A Carbohydrate (GAC) consists of an a-L-(1-2>2) and a-L-(12>3)

linked rhamnose backbone structure, which is shared by the rhamnose-glucose

polysaccharide (RGP) in Streptococcus mutans®’t. The major difference between
the polysaccharide expressed in S. pyogenes (GAC) to S. mutans (RGP) are their
side chain modifications, with GAC decorated with GIcNAc and RGP decorated with
glucose. S. mutans rgp genes encoding RGP share > 50 % identity with S.
pyogenes homologs in the gac operon®’*. Previously, the S. mutans rhamnose
backbone has been successfully synthesised through rgpA — rgpF (except for rgpE)
gene expression®’?, and transported to the E. coli cell surface, altering LPS

profiles®™,

Shibata et al.>"*, successfully showed similarity between native rhamnose

biosynthesis pathways in S. mutans and the reconstituted pathways expressed and
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synthesised in E. coli host cells. Both pathways required genes to first produce a
lipid linked reducing end, being the monosaccharide directly linked to the lipid
carrier, specifically a GIcNAc monosaccharide, followed by activated rhamnose
monosaccharides. Some of these genes, for example those synthesising GIcNAc
and rhamnose sugars, are readily available in E. coli in the form of wecA and rmID
genes respectively. In the absence of the S. mutans wecA homolog (rgpG), the E.
coli wecA gene is essential to build lipid linked GIcNAc to form the reducing end at
the start of the polysaccharide polymer®’1573, Rhamnose polymers are then built
onto the GIcNAc reducing end by rgpA the first rhamnosyltransferase, followed by
rgpB and rgpF as the second and third rhamnosyltransferases. Rhamnosyl
polymers are then transported to the periplasmic space by essential genes rgpC

and rgpD forming an ATP dependent ABC transporter, known as a flippase®°72,

These studies provide evidence that Streptococcal rhamnose polymers can be
expressed in E. coli, indicating great promise for successful reconstitution of the
related S. pyogenes GAC biosynthesis pathway for application in PGCT. This will be
discussed in the context of investigating the generation of GAS specific

bioconjugates in this Chapter.
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4.2. Aim, Hypothesis and Objectives

The aim of this work was to adopt the principles of PGCT to develop a GAS specific
bioconjugate, providing a novel mechanism for glycoconjugate vaccine
biosynthesis. These will be compared to traditional methods of chemical conjugation
described in Chapter 3.

This work explores the substrate specificity and coupling potential of PgIB for E. coli
derived rhamnose polymers with various acceptor proteins. Additionally, this work
investigates assembly of a single E. coli host strain, containing chromosomal
encoded PgIB OST, and plasmids encoding genes required for recombinant
rhamnose biosynthesis and transport, as well as model and GAS specific carrier

proteins.

Aim: Investigate N-linked glycosylation, specifically PgIB OST capability, to
glycosylate characterised (AcrA and NanA) and novel GAS specific (Malg, SpyCEP,
and SpyAD) carrier proteins with E. coli produced recombinant rhamnose variants
and GAS produced GAC.

Hypothesis:

¢ Bioconjugation will provide a viable alternative approach to chemical conjugation
for manufacturing of GAS specific glycoconjugate vaccine candidates.

Objectives:

1) Express recombinant rhamnose variants (rpWTRha, rpMRha, and rpORha) in
conjunction with collaborator Dr. Dorfmueller, University of Dundee.

2) Design, clone, and express GAS specific carrier proteins with PgIB compatible
terminal glycotags suitable for both glycosylation approaches.

3) Investigate the ‘one pot’ in vitro approach to conjugate model carrier protein
(AcrA) and novel GAS specific carrier proteins with E. coli produced
recombinant rhamnose.

4) Investigate cell-based glycosylation in CLM24cedA::pgIB E. coli cells to
conjugate streptococcal specific carrier protein (NanA) and novel GAS specific
carrier proteins with E. coli produced recombinant rhamnose (rpORha) using

chromosomal encoded PgIB OST enzyme.
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4.3. Methods

4.3.1. Bacterial Strains

S. pyogenes (GAS) and E. coli strains used in this work are listed in Table 4.1. A
DH5a derivative NEB5a E. coli (NEB) and DH10p E. coli (NEB) strains were used
for plasmid cloning and propagation (Chapter 4 section 4.3.3). BL21 (DES3) E. coli
was used for protein expression testing (Chapter 4 section 4.3.7). Glycoengineering
CLM24 E. coli strain was primarily used for ‘one pot’ in vitro glycosylation studies
(Chapter 4 sections 4.3.8 — 4.3.9). This strain is a K12 W3110 variant with
inactivated Awaal.>*® and AwbbL5"* genes. In some instances, for example
assessing recombinant rhamnose expression, the CS2775 E. coli strain was used
with and without the rfaS gene (Chapter 4 section 4.3.6). CS2775 E. coli strain lacks
endogenous rhamnose modifications on the surface LPS®>"%°">-77_|n cell-based
glycosylation studies, CLM24cedA::pglB was used, denoting CLM24 as a W3110-
derivative with pgIB gene integrated into cedA on the chromosome®’857® (Chapter 4
section 4.3.10).

GAS M1 strain NCTC - 8198 and Agacl, a derivative of NCTC - 8198 strain with an
in-frame deletion of gacl producing polyrhamnose (Chapter 3 section 3.3.5) were
used for lipid linked polysaccharide extraction for use in ‘one pot’ in vitro
glycosylation studies to assess PgIB OST substrate specificity (Chapter 4 section
4.3.9).
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Table 4.1: List of E.

coli and GAS strains used in bioconjugation work.

Strains Description Source
Commercial E. coli
NEB5a Stable Commercially available DH5 derivative strain,
. ; . NEB
Competent chemically competent for plasmid propagation.
Commercially available DH10 derivative strain,
DH108 chemically competent for high quality plasmid NEB
preparations.
Commercially available DE3 derivative strain,
competent for protein expression.
BL21 (DE3) F-ompT hsdSB(rB - mB-) gal dcm(DE3) NEB
phenotype.
Glycoengineering E. coli
W3110 K12 strain - three mutations A-, IN(rrnD-rrnE)1 580
and rph-1.
K12 W3110 derivative with inactivated waalL
CLM24 ligase and reduced LPS toxicity due to 558

CLM24cedA::pglB

CS2775
(ligase negative)

CS2775
(ligase positive)

inactivated IpxM.

K12 CLM24-derivative, Awaal with genomic
integration of C. jejuni PgIB in cedA on the
chromosome.

CS2767 derivative with rfaS knocked out with
Kan resistance cassette to reduce surface
rhamnose. Inactivated waal ligase.

CS2767 derivative with rfaS knocked out with
Kan resistance cassette to reduce surface
rhamnose.

578,579

581

151

Streptococcus pyogenes

NCTC - 8198

AgaclI NCTC -
8198 Mutant

Streptococcus pyogenes (GAS) strain 8198 from
NCTC.

Streptococcus pyogenes (GAS) strain 8198 from
NCTC with gacl gene deletion.
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4.3.2. Bacterial Growth Conditions

Commercial E. coli strains were grown in LB Lennox (5 g/L yeast extract, 10 g/L

tryptone, 5 g/L NaCl), and glycoengineering E. coli strains were grown in a variety of
media including; SSOB (5 g/L yeast extract, 20 g/L tryptone,10 mM NaCl, 2.5 mM
KCI, 10 mM MgClz, 10 mM MgSOQO., 2YT (10 g/L yeast extract, 16 g/L tryptone, 5 g/L
NaCl, pH 7.2), 2YTPG (10 g/L yeast extract, 16 g/L tryptone, 5 g/L NaCl, 7 g/L
K2HPO4, 3g/L KH2PO4, 18 g/L glucose, pH 7.2), and Brain Heart Infusion (BHI) (5
g/L beef heart infusion, 12.5 g/L calf brains, 2.5 g/L disodium hydrogen phosphate).
Media was supplemented with appropriate antibiotics for transformed constructs at

concentrations stated in Table 4.2.

Table 4.2: List of antibiotics used in transformed E. coli strains.

Final Concentration

Antibiotic Plasmid Selection

E. coli (pug/ml)
Ampicillin 25 pHDO0677 / pEXT20
Chloramphenicol 25 pACYC
Erythromycin 300 pHDO0249/ pHD0689 / pHD0256
Kanamycin 50 cedA::pglB
Spectinomycin 250 pEXT21

4.3.3. Cloning of GAS antigens in Commercial E. coli Strains

GAS antigens MalE, SpyCEP and SpyAD DNA gene sequences were synthesised
as gBlocks® Gene Fragments (IDT). Gene sequences were engineered to contain
Nhel (GCTAGC) and Ndel (CATATG) restriction sites at the 5’ and 3’ termini for
restriction ligation into pEC415 construct or Xbal (TCTAGA) and Ncol (CCATGG)
for ligation into pEXT21 construct for ‘one pot’ and cell glycosylation methods
respectively. Ligations were performed using T3 DNA ligase in T4 DNA ligase buffer
(NEB) (general methods section 2.2.6) and the mixture transformed into chemically
competent cloning NEB5a E. coli (NEB) or DH10p E. coli (NEB) via heat shock
methods (general methods section 2.2.7) (Table 4.1). Potential insert positive
clones were screened using colony PCR (cPCR) (general methods section 2.2.2)
using primers flanking the pEC415 or pEXT21 MCS region, as well as protein

sequence specific primers (general methods section Table 2.3).
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4.3.4. Production of Electrocompetent Glycoengineering E. coli Strains for

Polysaccharide Expression Testing and ‘One Pot’ In Vitro Testing

Overnight E. coli host strain (CLM24 and CS2775) cultures were made
electrocompetent by appropriate dilution into 10 ml LB broth to an ODeggonm 0Of 0.05,
supplemented with appropriate antibiotic (Tables 4.1 — 4.2), shaking at 180 rpm at
37 °C. When cells reached mid-log phase at an ODgoonm 0f 0.4 — 0.8, cultures were
chilled on ice for 15 minutes before cells pelleted through centrifugation at 4,000 x g
for 10 minutes at 4 °C. Supernatants were discarded and cells resuspended in 10
ml of pre-chilled 10% sterile glycerol and centrifuged again at 4,000 x g for 10
minutes at 4 °C, repeated three times. Supernatants were discarded each time and
finally cells were re-suspended in 100 - 200 pl of 10 % sterile glycerol, often left on

ice and used immediately or stored at - 80 °C in 50 ul aliquots.

4.3.5. Production of Multi-plasmid PGCT Systems via Electroporation
Transformation of CLM24cedA::pglB E. coli Cells

Electrocompetent CLM24cedA::pgIB. E. coli cells were used immediately, kept on

ice, and mixed with an appropriate amount of plasmid DNA (50 — 500 ng/pl).
Purified plasmids were extracted from commercial cloning NEBSa E. coli (NEB) or
DH10B E. coli (NEB) strains, obtained via Monarch plasmid Miniprep Kits (NEB) or
QIAprep Spin Miniprep Kits (Qiagen), selected based on kit availability (general

methods section 2.2.2).

To produce strains containing all three necessary components for glycoconjugate
production, CLM24cedA::pgIB E. coli cells were first transformed with recombinant
rhamnose constructs (pHD0249 alone, or pHDO0677 followed by pHD0689 or
pHDO0256 for rpWTRha, rpMRha, and rpORha respectively) (Figure 4.5). Chilled
electrocompetent CLM24cedA::pgIB E. coli cells were pipetted into 0.2 mm
electroporation cuvettes (Bio-Rad Laboratories Inc.). Plasmid DNA was added to
the cells and electroporated at 2.5 kV in a Gene Pulser Xcell (Bio-Rad Laboratories
Inc.) electroporator before recovery in 950 ul Super Optimal Broth (SOC) (0.5 %
yeast extract, 2 % tryptone, 10 mM NaCl, 2.5 mM KCI, 10 mM MgSOg4, 20 mM
glucose) for 1 hour at 37 °C, 200 rpm shaking. Following recovery, a suitable
dilution and volume of culture was spread onto LB agar plates containing
appropriate antibiotic for recombinant rhamnose construct selection (Table 4.2), or
alternatively if poor transformation efficiency was expected, cells were pelleted at
13,000 x g for one minute, and the total cell pellet was resuspended in a reduced

volume of SOC before plating without dilution. Potential insert positive clones were
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screened using cPCR (general methods section 2.2.2) with primers internal to the

gac locus for rpWTRha and rpORha selection (general methods Table 2.3).

Confirmed CLM24cedA::pgIB E. coli strains containing recombinant rhamnose
constructs (rpWTRha, rpMRha or rpORha) were made electrocompetent for
transformation with mid-copy number plasmid pEXT21 encoding nanA or GAS
antigens (malk or spyAD) in the same manner. During SOC media recovery,
ampicillin and erythromycin were added as appropriate to maintain rhamnose
encoding constructs during outgrowth (Table 4.2). Spectinomycin in addition to
ampicillin and erythromycin antibiotics were then used to isolate protein carrier
positive transformants on LB agar plates. Potential insert positive clones were
screened using cPCR using primers flanking the pEXT21 MCS region, as well as
protein sequence specific primers (general methods Table 2.3). Expression tests
were undertaken to determine inclusion and expression of the carrier proteins in

addition to polyrhamnose structures (Chapter 4 section 4.3.10).

4.3.6. Optimisation of Recombinant Rhamnose Expression

Glycoengineering CLM24 in addition to CS2775 E. coli cells were used to test for
expression of recombinant polyrhamnose structures. One colony was used to
inoculate 5 ml of various media (LB, SSOB, 2YT, 2YTPG) grown at 37 °C 180 rpm
in the presence of ampicillin and / or erythromycin overnight (Table 4.2). Overnight
cultures were used to inoculate 10 ml of fresh media to an ODeggonm Of 0.05 and
grown at 37 °C 180 rpm until late-log phase (ODeoonm = 0.6 — 0.8) and routinely
induced with 0.2 % L-arabinose (BioBasic Canada Inc.) for strains containing
pHDO677 (‘acceptor stem’ construct). Following induction, cells were either left at 37
°C, or dropped to 30 °C at 200 rpm. This occurred in the case of suspected cell
toxicity, complimented with spiking of cultures with 1% glucose (Sigma-Aldrich™) at
the point of subculture and again at the point of induction to improve growth.
Cultures were incubated for 3 hours and overnight (~ 18 hours) post induction
before the cells were pelleted by a spin at 13,000 x g for 10 minutes. Cells
containing polyrhamnose encoding constructs pHD0249 or pHDO0689 required no
inducer. Cell pellets were then resuspended in a volume of PBS equating to an
ODeoonm Of 10, and loaded into Lysing Matrix B — 2 ml Bead Beating Tubes (MP
Biomedicals) before ribolysing in a FastPrep-24 Classic Instrument (MP
Biomedicals) on programme 1 (2 m/s for 30 seconds) for 5 cycles. Resulting
ribolyser lysates, termed whole cell lysates (WCL) were centrifuged at 13,000 x g for

10 minutes and the supernatants removed before analysis or storage at - 20 °C.
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Alternatively, when investigating periplasmic location of recombinant rhamnose
variants, cell pellets were resuspended to an ODeggonm Of 10 in periplasmic lysis
buffer (30 mM Tris-HCI, 20% sucrose, 1 mM EDTA, and 1 mg/ml lysozyme, pH 7.4)
and left for 1 hour rotating at 4 °C, before a spin at 13,000 x g for 10 minutes to
separate cellular compartments. The supernatant contains the periplasm, whilst the
cytoplasm, membrane and inclusion bodies are present in the pellet>®®. The
periplasm was removed and aliquoted into a fresh tube and the pelleted fraction
was resuspended in the same volume of PBS buffer supplemented with 1 % SDS
(Sigma-Aldrich™). The resuspended pellets were then treated to 3 rounds of snap
freeze-thaw on dry ice with added ethanol, and centrifuged at 13,000 x g for 10
minutes obtaining the cytoplasmic fraction in the supernatant from the pelleted

fraction containing membrane portions and inclusion bodies.

For CS2775 E. coli cells with an intact WaalL phenotype, containing recombinant
rhamnose exported to the LPS surface, an acid lipid A extraction was performed.
Pelleted whole E. coli cells were heated in 2 % acetic acid (Sigma-Aldrich™) at 100
°C in a heat block for 1.5 hours. Treated cells were spun for 10 minutes at 13,000 x
g to separate the recombinant rhamnose attached to the O-antigen chain in the
supernatant from the lipid A attached to the bacterial membranes pelleted by
centrifugation. The pH of the supernatant was increased from 3.5 to 8 by 4 M NaOH
solution before application to a 5 ml HiTrap™ Capto™ adhere column (Cytiva),
attached to an AKTA Start protein purification system (Cytiva). The chromatography
system was equilibrated with 5x column volumes of loading buffer (5 mM sodium
phosphate, 20% EtOH, pH 8.0) and pump B equilibrated with elution buffer (5mM
sodium phosphate, 20% EtOH, 200 mM NacCl, pH 8.0). Recombinant rhamnose
samples were applied using the sample pump before the column was washed with
5x column volumes of wash buffer to remove unbound material. Bound recombinant
rhamnose was eluted from the column with 100 % elution buffer containing salt
eluent. Based on UVagonm chromatographs the resulting elution fractions containing

purified recombinant rhamnose were collected.

Optical density normalised WCL, periplasmic and cytoplasmic fractions, in addition
to LPS extracted polysaccharide samples were routinely dotted onto nitrocellulose
membranes (general method section 2.4.1) or separated by SDS-PAGE and
analysed by western blot (general method section 2.4.1), to enable semi-

gquantitative comparisons between samples.
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4.3.7. Optimisation of GAS Antigen Protein Expression

For recombinant GAS antigen expression, transformed commercial BL21 (DE3) E.
coli cells, and glycoengineering E. coli strains (CLM24 and CLM24cedA::pglB) were
grown in either LB or BHI supplemented with appropriate antibiotics (Table 4.2)
induced with 0.2% arabinose (BioBasic Canada Inc.) for pEC415 encoded proteins,
or 1 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG) (Roche) for pEXT21
encoded proteins both at mid-log phase (ODsoonm = 0.4 — 0.6). One ml of culture was
removed 3 hours post induction, and the remainder left overnight to grow to
stationary phase (~ 18 hours). Cells were harvested at 13,000 x g for 10 minutes
and pellets analysed immediately, or stored at - 20 °C. Similar to cells expressing
recombinant rhamnose variants, cells expressing protein antigens were treated with
periplasmic lysis buffer normalised to an ODeoonm Of 10 for 1 hour at 4 °C (Chapter 4
section 4.3.6). Protein expression and localisation in the periplasm was detected
using SDS-PAGE and western blots (general methods sections 2.4.1), normalised

by optical density enabling semi-quantitative comparisons.

4.3.8. Preparation of Cell Free Lysate Extracts for Inclusion in ‘One Pot’ In

Vitro Glycosylation Reactions

The ‘one pot’ in vitro reaction requires cell free lysates from each of the three
components needed for glycosylation; the lipid linked polysaccharide, the carrier
protein, and the PgIB OST. Separate bacterial cultures of transformed CLM24 E.
coli carrying the required genetic information for protein carriers AcrA encoded on
PEXT20 and GAS antigens MalE, SpyAD and SpyCEP encoded on pEC415
plasmid were grown in 2YTPG nutrient rich media. Transformed CLM24 E. coli was
also used for expression of PgIB expressed on pEXT21 plasmid and the native PgIB
heptasaccharide expressed on pACYC to be used as a positive control
polysaccharide. All plasmids are stated in general method section Table 2.2.
Recombinant rhamnose variants were expressed in CLM24 in addition to CS2775
E. coli (Table 4.1). Cultures were grown overnight at 30 °C after induction with either
1 mM IPTG (Geationwneron) for the cultures containing plasmids encoding PgIB,
model carrier protein AcrA, or C. jejuni heptasaccharide, or alternatively 0.2%
arabinose (BioBasic Canada Inc.) for cultures containing recombinant
polysaccharide construct pHDO677 or GAS carrier proteins (Malg, SpyAD, and
SpyCEP) at mid log phase (ODsoo = 0.4 — 0.6). Alternatively, wildtype and mutant
lipid linked oligosaccharides (LLO-GAC / LLO-GAS_Rha) were extracted from 1 L
GAS cultures, either wildtype or Agacl NCTC - 8198 strain (Chapter 3 section 3.3.6)

grown as stated previously (Chapter 3 section 3.3.2).
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Both E. coli and GAS cells were harvested with a 4,000 x g spin for 20 minutes and
washed in S30 buffer (10 mM tris acetate, 14 mM magnesium acetate, 60 mM
potassium acetate, pH 8.2) three times in a total 50 ml volume, centrifuged for 10
minutes at 4,000 x g between each wash. Supernatants were discarded, and after
the final wash step, pellets were resuspended in 10 - 50 ml of S30 buffer and lysed

as follows.

E. coli cell pellets obtained from large scale bacterial cultures containing
recombinant rhamnose constructs, carrier proteins and PgIB were lysed separately
in a cell homogeniser applying high pressure to break open cells. The system was
washed with 20% ethanol followed by 70% ethanol then distilled H2O, before the
chamber of the homogeniser was equilibrated with 50 ml of S30 buffer. The
resuspended pellets were added and run through the system 3 — 5 times until the
lysates became less opaque and viscous. The lysates were kept on ice between
each run and finally centrifuged at 30,000 x g for 1 hour at 4 °C to pellet debris and

separate cell free lysates present in the supernatant.

Mechanical cell disruption was applied by ribolyser to small scale E. coli cell pellets
(e.g., < 300 ml initial culture volume) and GAS cell preparations. Washed E. coli
cells were transferred to 15 ml lysing tubes containing lysing matrix B beads (MP
Biomedicals) and ribolysed on a FastPrep-24 Classic Instrument (MP Biomedicals),
set to programme 1 (2 m/s for 30 seconds) for 5 cycles. Resuspended S30 buffer
washed GAS cells were also transferred into 15 ml lysing tubes before mechanical
disruption via 5 cycles on programme 3 (6.4 m/s for 60 seconds) for 5 cycles to
extract lipid linked polysaccharide. Cell free lysate extracts were centrifuged at
4,000 x g for 10 minutes, further clarified with another spin at 4,000 x g for 10
minutes, until the lipid linked polysaccharide in the supernatant was separated from

the lysing beads settled in the bottom of the lysing tubes.

Resulting cell free lysates were either used directly in reactions, or alternatively
concentrated, a step particularly necessary for samples containing LLO-GAC / LLO-
GAS_Rha extracted from GAS cells. Approximately 10 ml of polysaccharide cell
free lysates were concentrated through high-speed centrifugation at 100,000 x g for
1 hour at 4 °C, with the resulting pellet resuspended in 1 ml of S30 buffer, 1 / 10™ of
the starting volume. Clarified and concentrated cell free lysates where necessary
were aliquoted into 100 — 500 ul volumes to limit freeze thawing, either used in
reactions immediately, or stored short term at - 20 °C or long term at - 80 °C for

PgIB containing lysates.
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4.3.9. ‘One Pot’ In Vitro Glycosylation Assay

Reactions were set up to contain titrated volumes of acceptor protein lysate, PgIB
lysate, and LLO-GAC/ LLO-GAS_Rha lysates or recombinant rhamnose lysates.
Volumes were specific to the batch of each component, ranging from 10 pl to 800
pl. The mixture of lysates were incubated with PgIB cofactors, 0.1% n-dodecyl-B-d-
maltopyranoside (DDM) (Sigma-Aldrich™) and 10 mM manganese(ll) chloride
tetrahydrate (MnCl,) (ACROS Organics™) in a total volume of 1 ml topped up with
S30 buffer. Reactions were incubated overnight for ~ 18 hours at 30 °C shaking at
100 — 140 rpm. Reaction supernatants following a 13,000 x g spin for 10 minutes
were purified with 50 pl of Ni-NTA agarose beads (Qiagen) (general methods
section 2.3.3), and His-purified samples were separated by SDS-PAGE and

analysed by western blot.

4.3.10. Cell-Based Glycoprotein Production Inside E. coli Cells

The co-transformed strains containing chromosomal PgIB (cedA::pgIB) and
optimised recombinant rhamnose structures (rpORha - pHD0677 and pHD0256)
and protein antigens expressed by pEXT21 were grown in various media (Chapter 4
sections 4.3.6 — 4.3.7), supplemented with appropriate antibiotics for plasmid
maintenance, hamely spectinomycin (protein), ampicillin and erythromycin
(recombinant rhamnose) and kanamycin (chromosomal PgIB integration) (Table
4.2).

Overnight cultures of the co-transformed strain for glycosylation testing, in addition
to the protein only chromosomal PgIB control strain were grown in 2YT, 2YTPG or
BHI media. A volume of the overnight culture was added to the selected broth,
inoculated to achieve ODgoonm Of 0.05. Cultures were grown at 37 °C at 180 rpm until
reaching late-log phase, ODeoonm Of 0.6 — 0.8, before induction where appropriate
with 0.2 % L-arabinose (BioBasic Canada Inc.) for expression of genes in
recombinant polysaccharide construct pHD0677, and 1 mM IPTG for protein antigen
expression. Following induction, the growth temperature was dropped to 30 °C at
200 rpm, and nutrients were added to the culture medium. Specifically, 10 mM
glycerol (Sigma-Aldrich™), 10 mM MgSOs (Sigma-Aldrich™), 10 mM GIcNAc
(Sigma-Aldrich™) were added to the cultures to improve polysaccharide expression,
and 4 mM MnCl, was added as a PgIB cofactor to improve glycosylation®®?. Cultures
were then incubated overnight (~ 18 hours) before obtaining cell pellets from a 20
minute spin at 4,000 x g, standardised to the same OD either in PBS buffer for lysis
with a ribolyser or in periplasmic lysis buffer (Chapter 4 section 4.3.7). Samples

were then His-purified using Ni-NTA beads (Qiagen) for small scale glycosylation
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testing, and nickel affinity chromatography using an NTA-Ni 1 ml HisTrap™ IMAC
column (Cytiva) attached to an AKTA Start protein purification system (Cytiva) for

large scale cultures (general methods section 2.3.3).

For large scale cultures, following His tag purification, potential glycoconjugate
samples pooled from collected fractions, were further purified by Size Exclusion
Chromatography (SEC) to remove any contaminating protein or polysaccharide
species from the glycoconjugate sample (general methods section 2.3.4). Purified
samples were incubated with Pierce™ High Capacity Endotoxin Removal Resin
(Thermo Fisher Scientific) overnight at room temperature with end to end rotation
(general method section 2.3.5), and sample endotoxin levels were analysed by
Limulus Amebocyte Lysate (LAL) test performed by the Pyrogens Team (NIBSC).

4.3.11. Glycoprotein Analysis

4.3.11.1. Soybean Agglutinin Lectin Staining

Glycoprotein samples were either electroblotted or spotted directly onto
nitrocellulose membranes blocked in 1X Carbo-Free™ Blocking Solution (Vector
Laboratories) for 30 minutes at room temperature. Biotin-conjugated Soybean
Agglutinin (SBA) lectin (Vector Laboratories) was added (general method section
2.1.2) to assess conjugation of C. jejuni heptasaccharide for 30 minutes at room
temperature. Blots were washed three times in PBS with 0.1% Tween-20 (PBS-T),
before addition of IRDye® 680RD Streptavidin (LiCor) diluted in PBS. Nitrocellulose
membranes were washed a further three times in PBS-T, and imaged using

Odyssey® Imaging System (Li-Cor).

4.3.11.2. Proteinase K Treatment

To determine successful decoration of proteins with recombinant rhamnose
polymers 50 pg/mL of proteinase K (QIAGEN) was added to periplasmic extracts, or
to pooled His purified samples (Chapter 4 section 4.3.10). Samples were incubated
with and without proteinase K in a water bath at 55 °C for 1 hour, after which they
were analysed by SDS-PAGE and western blot.

4.3.11.3. Biconjugate Capture ELISA

Wells of MaxiSORP™ 96-well plates (Thermo Fisher Scientific) were coated with 1 :
1,000 diluted Goat anti-GAS (Thermo Fisher Scientific) antibody (general method
section 2.1.2) in carbonate buffer (general method section 2.4.2). Plates were left to
coat overnight at 4 °C for capture of recombinant rhamnose polysaccharide. The
following morning, plates were washed 3 times with PBS-T and blocked with 100

pl/well AD for 1 hour at 37 °C, before washing again three times with PBS-T.
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Purified glycoprotein and protein only control samples were diluted to 100 pg/ml of
protein, calculated by BCA assay (general method section 2.5.1) and serially diluted
across the plate in AD buffer before being left at room temperature with plate
agitation for 1 hour. AD buffer was used as a negative no sample control. Plates
were washed a further three times with PBS-T before addition of 100 ul/well of
mouse anti-His HRP conjugate diluted 1 : 5,000 in AD buffer incubated at room
temperature for 1.5 hours. Plates were washed 3 times again before development
with TMB and sulphuric acid (general method section 2.4.2). Plates were read at an
absorbance of 450 nm on a SoftMax Pro plate reader (Molecular Devices, UK) and

graphing was performed using GraphPad Prism (general method section 2.6.2).
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4.4. Results

4.4.1. Protein Carriers Used for Bioconjugation Approaches

Towards the aim of PgIB specific bioconjugation, model proteins were selected, and
GAS protein antigens were designed, cloned, and expressed, with the suitability for

‘one pot’ in vitro and cellular glycosylation approaches assessed.

4.4.1.1. GAS Specific Protein Carrier Cloning, Expression and Cellular
Localisation in the Periplasmic Space
To explore their compatibility with PGCT, GAS protein antigens, MalE, SpyCEP and
SpyAD were modified to include an N-terminal Sec secretion signal, DsbA
(MKKIWLALAGLVLAFSASAAQ) for periplasmic localisation®®, a C-terminal PgIB
glycotag (DQNAT) and a decahistidine tag (Figure 4.3a). Full gene sequences for
each antigen, with the exception of SpyCEP cloned as an inactive enzymatic
fragment?°®, were synthesised for cloning into pEC415 expression vector (general
method Table 2.2).

GAS protein antigen expression levels and cellular localisation were initially tested
in BL21 (DE3) E. coli. Cells were induced with 0.2 % arabinose and grown for 3
hours or overnight post induction at mid-log phase. Pelleted cells were fractionated
into insoluble, cytoplasmic, and periplasmic compartments for detection by mouse
anti-His antibodies via western blotting. Expression of Malg, SpyCEP and SpyAD
was observed at 3 hours post induction and were observed in all tested cellular
compartments. Figure 4.3b shows the periplasmic cell compartment, with full length
SpyAD and MalE observed after overnight growth, but both full length and a lower
molecular weight species for the cloned SpyCEP fragment. This demonstrates that
all three GAS antigens are successfully exported to the periplasm and can therefore
be theoretically targeted by PgIB for glycosylation.

4.4.1.2. GAS Specific Protein Carrier Glycotag Availability Using C. jejuni
Heptasaccharide as a Model Polysaccharide

Following confirmation of expression and periplasmic localisation of GAS target

antigens, glycotag availability was assessed. This was investigated using C. jejuni

heptasaccharide as a model polysaccharide, being a well characterised native PgIB

substrate®®®. The pgl operon containing all the necessary machinery for C. jejuni

heptasaccharide biosynthesis was expressed on pACYC plasmid in CLM24 E. coli

cells. Initially to save time, and avoid the fine-tuning of expression of the three
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components required for glycosylation in a single E. coli cell, the ‘one pot’ in vitro
approach was used to test glycotag targeting.

Purified GAS protein antigens were separated by SDS-PAGE and analysed by
western blot for changes to protein mass following glycosylation with the 1.2 kDa C.
jejuni heptasaccharide. Figure 4.3b shows that all three GAS carriers undergo an
increase in size in the presence of PgIB OST and lipid linked C. jejuni
heptasaccharide, absent in the no PgIB controls with unglycosylated protein sizes
as expected (MalE 41 kDa, SpyCEP fragment 60 kDa, and SpyAD 88 kDa).
Glycotag targeting of GAS antigens with PgIB appears to be most efficient with
SpyCEP and SpyAD proteins, whereas with MalE most of the protein species
appear to be unglycosylated. All cell lysates show evidence of degradation products
or rather non-specific cell components which have co-eluted following His-tag

purification.
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Figure 4.3: Expression, localisation, and C. jejuni heptasaccharide glycosylation of

recombinant GAS carrier proteins using the ‘one pot’ in vitro bioconjugation system.

Cloned GAS antigens MalE, SpyCEP and SpyAD were expressed in BL21 (DE3) E. coli. At mid-

log, cultures were induced with 0.2 % arabinose and grown for a further 3 or 18 hours.

(A) Schematic representation of selected GAS protein domains engineered to contain an N-

terminal periplasmic DsbA secretion tag (purple), C-terminal glycotag (green) and x10 Histidine tag

(yellow circle).

(B) Overnight GAS protein expression and localisation in the periplasm (P) of BL21 (DE3) E. coli

cells detected by mouse anti-His antibodies developed by Goat anti-mouse 1gG IRDye®-800CW

(green channel). ‘One pot’ in vitro test glycosylation of GAS antigens in the presence of C. jejuni

heptasaccharide and PgIB cell-free lysates. Arrows indicate protein size shift in the presence of all

three components, detected by mouse anti-His antibodies developed by Goat anti-mouse 1gG

IRDye®-680CW (red channel). Control reactions 1) protein only, 2) protein and polysaccharide

only, and test reaction 3) protein, polysaccharide and PgIB co-incubated.
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4.4.2. Polysaccharide Extracted From GAS Cells as Compatible Substrates

Recognised and Transferred by PqgIB to Model Carrier Protein AcrA

PgIB has relaxed substrate specificity, but demonstrates reduced affinity for
polysaccharides that lack N-acetyl group at their reducing end and have 3-1,4
linkage between their first and second monosaccharide®®-58, Wildtype GAC
contains a GIcNAc at its reducing end but a 3-1,4 linkage which suggests it may be

a poor substrate for PgIB.

To test whether GAC, a non-native polysaccharide, can be recognised and
transferred to a carrier protein by PglB, the same ‘one pot’ in vitro assay was used.
The C. jejuni heptasaccharide was substituted for lipid linked GAC (LLO-GAC)
extracted from GAS cells as the assay is compatible with both recombinantly
produced polysaccharides and native lipid linked polysaccharides. AcrA was
selected as a model carrier protein as it has been used in a wide range of bacterial
glycosylation studies*’8°68582.587 ' and contains a single functional glycotag for
targeted glycosylation. The three components required for glycoconjugate
production (polysaccharide, carrier protein and OST) were independently prepared,
and cell free lysates were incubated in a single tube. These reactions comprised of
LLO-GAC, and E. coli lysates containing recombinant carrier protein AcrA and C.
jejuni PgIB enzyme. A positive control reaction with AcrA, PgIB, and C. jejuni
heptasaccharide was also included to confirm reaction conditions, PgIB activity, and

reliability of the ‘one pot’ in vitro assay.

Following overnight incubation and His-purifications glycoproteins were separated
by SDS-PAGE and immunoblotted with anti-His antibodies to detect AcrA, and anti-
GAS antibodies to detect conjugated LLO-GAC. Glycosylation of AcrA with the C.
jejuni heptasaccharide shows a size shift in AcrA protein (Figure 4.4a, lane 3), yet
following LLO-GAC incubation there was no shift in the anti-protein signal. This was
despite an anti-GAC signal observed at 60 kDa, absent when PglB was excluded
from the reaction (Figure 4.4a, lanes 4 and 5), suggesting successful conjugation

but with the majority of protein being unglycosylated.
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Figure 4.4: ‘One pot’ in vitro glycosylation of wildtype (LLO-GAC) and mutant (LLO-

GAS_Rha) polysaccharides as PglB OST substrates for conjugation to AcrA carrier protein.
AcrA protein, lipid linked GAC polysaccharides (LLO-GAC/ -GAS_Rha), and PgIB OST cell free
lysates were incubated overnight, his-purified and reactions separated by SDS-PAGE before
protein and polysaccharide detection by Western blot. AcrA was detected with Mouse anti-His
developed with Goat anti-mouse |gG IRDye®-680RD (protein = red) and GAC variants by Rabbit
anti-GAS antibody developed with Goat anti-rabbit IRDye®-800CW (polysaccharide = green).
Arrow indicates a potential glycosylation product at ~ 60 kDa.

Lanes standardised to contain the same volumes of AcrA and PgIB components for each blot.

(A) LLO-GAC Wildtype: Lanes 1 — 3, control reactions: 1 — AcrA alone; 2 — AcrA + PgIB; 3 — AcrA
+ PgIB + C. jejuni heptasaccharide, and 4 — AcrA + LLO-GAC; Lane 5 is a test reaction: - AcrA +
LLO-GAC + PgIB. Lanes 4 and 5 have matched LLO-GAC lysate volumes.

(B) LLO-GAS_Rha Mutant: Lanes 1 — 4, control reactions: 1 — AcrA alone; 2 — AcrA + LLO-
GAS_Rha; 3 — AcrA + PgIB; 4 — AcrA + PgIB + C. jejuni heptasaccharide. Lanes 5 — 7, test
reactions containing increasing amounts of LLO-GAS_Rha. Lane 3 LLO-GAS_Rha lysate volume

matched to lane 7 test sample.

LLO-GAC, however, contains GIcNAc side chains with a1 - 2 and a1 - 3 linkages at
position 3 in addition to the reducing end GIcNAc™*®. Therefore, to confirm that
putative PgIB activity observed in Figure 4.4a was targeted to the reducing end
GIcNAc, and not the sidechain a-linked GIcNAc residues, the GAS mutant
generated for chemical conjugation purposes, producing polyrhamnose backbones
without GIcNAc side chain attachment was tested (Chapter 3). Lipid linked
polysaccharides were extracted from the mutant GAS strain in the same manner as
the wildtype GAS isolate. This lipid linked GAC variant, referred to as LLO-
GAS_Rha, was added into ‘one pot’ reactions. The volume of LLO-GAS_Rha
lysates were titrated and co-incubated with AcrA carrier protein and PgIB OST cell

free lysates, prior to purification, and analysis as stated above. Similar to LLO-GAC,
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results show no obvious size change in the glycosylated AcrA carrier protein.
However, a similar 60 kDa species detected by GAS antisera is also evident for the
LLO-GAS_Rha containing samples (Figure 4.4b, lanes 5 — 7), absent from the no
PglB controls when incubated at the highest volume of LLO-GAS_Rha to
standardised volumes of AcrA and PgIB lysates, matched for test and control
samples (Figure 4.4b, lane 2). These proof of principal studies validated the use of
GAC in PGCT, therefore, plasmids enabling recombinant polysaccharide expression
in E. coli to resemble part of the GAC structure were sourced from Dr. Dorfmueller

as part of a collaboration with the University of Dundee.

4.4.3. E. coli Expressed Recombinant Rhamnose for Use in Bioconjugation

4.4.3.1. Construction of E. coli Produced Recombinant Rhamnose
(rpWTRha, rpMRha, and rpORha) Plasmids

One of the first and most important steps to consider in the construction of

recombinant bioconjugate vaccines is the ability to express biosynthesis genes

which encode a polysaccharide of interest inside a non-native host cell. This is

traditionally and most simply achieved through cloning of an exogenous

polysaccharide synthesis locus onto a compatible plasmid for expression in a

suitable glycoengineering E. coli strain®®,

In collaboration with Dr. Dorfmueller from the University of Dundee, expression of
recombinant polymers was assessed in E. coli host cells. Successful cloning and
expression of such large genetic regions is not without challenges and such initial
trials to express the entire gac locus resulted in mutations leading to expression of
polyrhamnose structures without GIcNAc side chains (Patent Reference:
W02020249737A1). Three recombinant polyrhamnose systems were tested with
the predicted polysaccharide structures shown in Figure 4.5 and biosynthesis genes
in Tables 4.3 and 4.4.

1) Polyrhamnose from the gac locus (pHD0249) (Table 4.3) referred to as
roWTRha (Recombinant Poly-Wildtype Rhamnose)

2) Polyrhamnose from closely related Streptococcus mutans genes (pHD0689)
(Table 4.4) referred to as rpMRha (Recombinant Poly-Modified Rhamnose)

3) Polyrhamnose using an optimised system composed of a combination of S.
pyogenes genes within the gac locus, and a S. mutans gene (pHD0256)

(Table 4.4) referred to as rpORha (Recombinant Poly-Optimised Rhamnose)
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Figure 4.5: Schematic representation of genetic loci and recombinant rhamnose structures
encoded on plasmids pHD0249, pHD677 + pHD0689, and pHD0677 + pHD0256.

Horizontal arrows represent each gene designation, with colour denoting predicted gene function.
Green and Red, rhamnose polymerisation (GAS or S. mutans respectively); Orange, GIcNAc side
chain modification in GAS cells; Blue, altered reducing end biosynthesis based on Shigella genes.
Visual representation of native and recombinant polysaccharides based on nomenclature for
glycans (SNFG)7%4, Green triangle; rhamnose, blue square; GIcNAc, black circle; phosphate

modification, blue circle; glucose, and yellow and black hexagon; galactose.

The gac genetic operon encodes all genes necessary to synthesise GAC, and the rgp genetic
operon encodes all genes necessary to synthesise rhamnose-glucose polysaccharide (RGP) in S.

mutans.

pHDO0249 denotes the plasmid used to express rhamnose with native 3- 1,4 GIcNAc to rhamnose

reducing end linkage producing rpWTRha.

pHDO0677 denotes the plasmid used to synthesise an altered reducing end sugar stem containing
GIcNAc — Galactose a-1,3 linkage. Either pHD0689 or pHD0256 plasmids are used to polymerise
rhamnose based on S. mutans or GAS genes respectively. When co-expressed either rpMRha or

rpORha is produced.
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Table 4.3: Genes encoding rpWTRha (pHD0249).
Genes present on the plasmid produces S. pyogenes derived rhamnose polymers with a native
1,4 GIcNAc — Rha reducing end for PgIB recognition.

pHD0249
Gene Name Gene Function Description

Attaches the first TDP-B-L-activated rhamnose onto

a-D-GIcNAc a-1,2-L- acceptor und-PP-GlcNAc 3-OH group forming a B-

gacB

rhamnosyltransferase 1,4 glycosidic bond.
acC a-L-Rha a-1,3-L- Elongation of rhamnose backbone working with
9 rhamnosyltransferase GacF and GacG.
ABC-transporter Translocation of rhamnose backbone across the
gacD (permease protein) inner membrane using ATP dependent ABC
P P transporter, working with GacE.
Translocation of rhamnose backbone across the
gacE AB%}K;%SDO:;?;%TP' inner membrane using ATP dependent ABC
gp transporter, working with GacD.
acE a-L-Rha a-1,3-L- Elongation of rhamnose backbone working with
9 rhamnosyltransferase GacC and GacG.
acG a-L-Rha a-1,3-L- Elongation of rhamnose backbone working with
9 rhamnosyltransferase GacC and GacF.

To improve C. jejuni PgIB OST recognition, pHD0677 plasmid was generated
encoding Shigella dysenteriae O-antigen genes. Expression enabled D-galactose
attachment to GIcNAc at polysaccharide reducing ends as a permissible PgIB
substrate®8. Specifically, wbbP (Q53982_SHIDY) generates activated UDP-D-
galactose®®®, which is attached to lipid linked GIcNAc on the inner membrane
generated by wecA gene from E. coli host cells. This is then further elongated by S.
dysenteriae wbbR (Q32EG0_SHIDS) and wbbQ (AOAO090ONIC3_SHIDY) genes
which encode TDP- al,3-L-rhamnose®%%°, forming an a-1,3 GlcNAc-Galactose at
the reducing end, and rhamnose as the third monosaccharide in the chain. The
rhamnose polymer can then be further elongated by either pHD0256 or pHD0689 to
build the entire backbone before translocation across the membrane for PgIB

targeting.

The pHDO0689 construct contains S. mutans genes similar to genes in the gac
operon (rgpC — rgpF), whereas pHD0256 construct contains S. pyogenes genes,
specifically gacC to gacG, along with rmID from S. mutans to enable this
polymerisation step from the modified acceptor stem (Figure 4.5). Therefore, when
either of these plasmids are co-expressed with pHD0677 in E. coli cells, the
resulting polysaccharide structure is a modified stem of GIcNAc and galactose,
followed by the rhamnose backbone. pHD0689 S. mutans gene derived polymers

are referred to as rpMRha (Recombinant Poly-Modified Rhamnose), and pHD0256
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GAS gene derived polymers are referred to as rpORha (Recombinant Poly-
Optimised Rhamnose) (Table 4.4).

Table 4.4: Genes encoding the modified acceptor stem (pHD0677), rpMRha (pHD0689) and
rpORha (pHD0256).

Genes present on the two plasmids which when co-expressed produces rhamnose (either S.

mutans or S. pyogenes derived) with a modified reducing end containing an ‘acceptor stem’ for

PgIB recognition, specifically an a1,3- GIcNAc — Galactose linkage.

pHDO677
Gene Name Gene Function Gene Description
Generation of D-galactose for attachment to
wbbP Glycosyltransferase lipid linked und-PP-GIcNAc attached to the
inner membrane.
wbbR Glycosyltransferase Attachment of TDP-a1,3-L-Rhamnose to D-
galactose attached to lipid linked GlcNac by
wbbQ Glycosyltransferase a-1-3 linkage.
pHDO0689
Gene Name Gene Function Description
rgpC (gacD ABC-transporter (permease Translocation of rhamnose backbone across
%%mo?o ) protein)p the inner membrane using ATP dependent
9 P ABC transporter, working with RgpD.
- Translocation of rhamnose backbone across
r%régu()?gc)E ABC-transporrgteeril(S\TP-blndlng the inner membrane using ATP dependent
9 P ABC transporter, working with RgpC.
r%gig?ggc)': Glycosyltransferase Elongation of rhamnose backbone.
r?‘%';ggg)e Rhamnosyltransferase Elongation of rhamnose backbone.
pHD0256
Gene Name Gene Function Description
rmiD dTDP-4-dehydrorhamnose Reduces dTDP-6-deoxy-L-lyxo-4-hexulose
reductase to dTDP-L-rhamnose. Gene from S. mutans.
a-L-Rha o-1,3-L-
gacC
rhamnosyltransferase
gacD ABC-transgrc();tteei:n §permease
See Table 4.3 for gene function and Chapter
acE ABC-transporter (ATP-binding 1 figure 1.tlforilzcr:rl])?:saﬂ(t:hz;?sawe GAC
9 protein) poly y ’
a-L-Rha a-1,3-L-
gacF
rhamnosyltransferase
a-L-Rha a-1,3-L-
gacG
rhamnosyltransferase
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All three E. coli plasmid systems are predicted to utilise the E. coli wecA gene to
provide lipid linked GIcNAc at the reducing end attached to the inner
membrane®®®592  due to the absence of GAS or S. mutans wecA homologs (gacO
and rgpG respectively) in the constructs. Figure 4.5 demonstrates the intended
polysaccharide structures produced from these plasmid combinations, with
pHD0249 thought to build rhamnose straight onto und-PP-GIcNAc, and pHD0689
and pHDO0256 thought to have an additional galactose monosaccharide before
rhamnose polymerisation. All three polysaccharide variants should then be
translocated fully assembled by a flippase enzyme in the form of an ABC
transporter, provided by gacD and gacE GAS genes encoded on pHD0249 and
pHD025641145152 or rgpC and rgpD S. mutans genes encoded on pHD0689%71572,

4.4.3.2. Selection of E. coli Strains for Recombinant Rhamnose Expression
To improve bioconjugation efficiency E. coli cells are often modified to optimally
synthesise non-native polysaccharide structures. Recombinant rhamnose
constructs, rpWTRha, rpMRha, or rpORha, were transformed via electroporation
into either electrocompetent CLM245%%8 or CS2775°"! E. coli host cells.

CLM24 E. coli was initially selected as the host cell as the W3110 variant
glycoengineering strain does not build its native O-antigen (O16) due to an IS5
element insertional inactivation of the wbbL gene, necessary for its synthesis®’.
This is thought to improve monosaccharide substrate availability for recombinant
polysaccharide biosynthesis. Additionally, CLM24 does not possess a functional O-
antigen ligase, Awaal genotype, such that recombinant polysaccharide structures
are not ligated onto lipid A for incorporation into the outer membrane. This in turn
increases the availability of synthesised polysaccharide substrate in the periplasm
where the PgIB mediated conjugation reaction occurs. CLM24 has also been
engineered to contain a mutation in the I[pxM gene to remove a myristoyl group from
the lipid A component®’® to reduce downstream toxicity as a desirable

glycoconjugate vaccine property>%°94,

To investigate and optimise expression of these gene clusters to produce
recombinant rhamnose structures, initially CLM24 E. coli containing either rpWTRha
or rpMRha plasmids were grown in LB, SSOB, or 2YT. Whole cell lysates (WCL)
were dotted onto nitrocellulose membranes, probed with Rabbit anti-GAS and
detected with Goat anti-Rabbit IgG IRDye® conjugated 800CW (Figure 4.6a).
Expression of both recombinant rhamnose constructs in WCL samples was poor in

LB media particularly for rpWTRha which was not above the background level of
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negative controls, CLM24 E. coli and empty plasmid constructs also grown in LB
media treated in the same manner (Figure 4.6a, dots i - iii). Improved polyrhamnose
production was observed with a stronger anti-GAS signal than background in
CLM24 E. coli cells grown in 2YT nutrient rich broth compared to other media for
both rpWTRha and rpMRha production (Figure 4.6a).

Next, the duration of expression was investigated for efficiency of recombinant
polysaccharide production at two timepoints, 3 hours and overnight (~ 18 hours) in
CLM24 E. coli grown in 2YT media. Periplasmic fractions were prepared in lysis
buffer and compared to WCLs from lysis buffer and ribolyser methods to assess
localisation of PgIB OST actiivtiy and influence of lysis methods on recombinant
rhamnose yields. Figures 4.6b and 4.6¢c show recombinant rhamnose species ran at
a high molecular weight, likely based on charge and structure rather than actual
polysaccharide size, with profiles looking similar for both polysaccharide variants.
Detection of both rpWTRha and rpMRha polymers, with the same commercial anti-
GAS antibody confirms the similarity and cross reactivity of rhamnose backbones
produced from S. mutans rgp homologs and GAS gac genes (Figure 4.6b/c). In fact,
E. coli expressing rpoMRha gave a stronger anti-GAS signal than rpWTRha, with
both constructs showing better expression when cultures were left overnight.
Furthermore, WCL samples obtained from ribolyser lysis to mechanically break
open cells showed stronger anti-GAS signal for the strain expressing rpWTRha
(Figure 4.6b, lane 4).

Based on dot blot results refinement of growth media improved production of
recombinant polysaccharide. However, expression of rpoWTRha and rpMRha in
seperated CLM24 E. coli cell lysates was deemed to be suboptimal, confounded by
background rhamnose signals detected by the polyclonal anti-GAS antibody. This
could be due to presence of endogenous rhamnose in the host strain, observed in
periplasmic control samples obtained at mid-log prior to induction of expression,
particularly for lysates containing rpMRha (Figure 4.6c, lane 1). However, without
empty plasmid controls in Figure 4b/c leaky expression of rhamnose genes could
also not be ruled out. Nevertheless, such signals confounded western blot detection
of recombinant expression, and also may be negatively impacting rhamnose

monosaccharide availability for recombinant polymer production.
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Figure 4.6: CLM24 E. coli cells express recombinant rhamnose variants rpWTRha and
rpMRha in different media and induction time points.

CLM24 E. coli expressing rpWTRha or rpMRha were grown in selected media and induced with 0.2
% arabinose (for pHDO677 expression) for indicated time scales. Samples were lysed and either
spotted onto nitrocellulose membranes (A) or separated by SDS-PAGE (B and C) for western blot
analysis. Rabbit anti-GAS and Goat anti-Rabbit IgG IRDye®-800CW antibodies were used to

detect rhamnose expression.

(A) Dot blot of CLM24 E. coli whole cell lysates (WCL). Negative controls; i — CLM24 ; ii — CLM24 +
empty plasmid for rpWTRha (pHD0139) ; iii — CLM24 + empty plasmids for rpMRha (pHD0131 +
pHDO0139), and test samples; rpWTRha and rpMRha in LB, SSOB, and 2YT media.

(B and C) CLM24 E. coli WCLs and periplasm cell compartments separated by SDS-PAGE and
immunoblotted. Lane 1, periplasm obtained prior to induction; Lane 2, three hours post induction
periplasm; Lane 3, ~ 18 hours post induction periplasm; compared to Lane 4, WCL FastPrep
ribolyser cell lysate ~ 18 hours post induction. (B) rpWTRha and (C) rpoMRha. Samples grown in
2YT media.
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To investigate this, and avoid non-specific rhamnose detection, strain CS2775 E.
coli were used as alternative host cells, possessing disrupted native endogenous
rhamnose polysaccharide production®®* (Table 4.1). In this strain background,
previously demonstrated nutrient rich media 2YT and 2YTPG (a similar media to
2YT with additional nutrients) were investigated for recombinant polymer production
for all three plasmid systems.

There was little observed rpWTRha expression in either strain or media conditions
above background levels of the strain only and empty plasmid control samples
(Figure 4.7a/b, dots 1 — 3). For this reason, low expression levels, as well as a
predicted suboptimal reducing end for PgIB transfer, the rpWTRha rhamnose
variant were not included in any subsequent glycosylation testing. However,
compared with CLM24 E. coli, CS2775 E. coli gave superior rhamnose production
from rpMRha in 2YT when left overnight post arabinose induction which was further
enhanced by growth in 2YTPG (Figure 4.7a/b, dot 4). rpORha, expressed from gac
genes with the modified acceptor stem, showed similar production in 2YT and
2YTPG media, with expression in both medias improved in CS2775 E. coli (Figure
4.7b, dot 5). For this reason rpORha polymers were used in subsequent
characterisation studies and bioconjugation reactions.

CLM24 E. coli CS2775E. coli
(A) (B)
1 2 3 4 5 1 2 3 4 5

2YT ' 2YT .
Q .. C W )

Figure 4.7: Superior recombinant rhamnose polymer expression in CS2775 E. coli cells
compared to CLM24 E. coli cells in different media.

CS2775 E. coli expressing rpWTRha, rpMRha, and rpORha grown in nutrient rich media (2YT and
2YTPG) induced with 0.2 % arabinose at mid log phase and incubated overnight. OD normalised
samples were lysed using a ribolyser and whole cell lysates (WCL) spotted onto nitrocellulose
membranes. Goat anti-GAS and Rabbit anti-Goat IgG-HRP antibodies were used to detect

rhamnose expression.

Dots 1 — 2 negative controls; 1 = empty plasmid for rpWTRha (pHD0139), 2 = empty plasmids for
rpM/ORha (pHD0131 + pHD0139), 3 rpWTRha, 4 rpMRha, and 5 rpORha in either 2YT or 2YTPG
media. (A) CLM24 and (B) CS2775 E. coli.
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4.4.3.3. Characterisation of rpORha Assembly and Identity

In addition to validating efficient expression, the correct assembly, structural
integrity, and therefore identity of recombinant E. coli produced polysaccharides is
pivotal when using glycoproteins as vaccine candidates. Towards this aim, rpORha
constructs and empty plasmid controls were transformed into an E. coli strain
related to CS2775 without waal gene inactivation (Table 4.1). In this strain
heterogenous polysaccharide precursors are transferred by the functional O-antigen
ligase, Waal, to the outer core of LPS on the cell surface (Figure 4.8a). The
rationale being that to improve downstream analysis surface presentation of lipid A
linked polysaccharide is easier to isolate than recombinant polysaccharide inside
the E. coli cells periplasm, with less co-purified contaminating sugars, previously

detected by western blot.

Strains were induced and incubated for 3 hours or overnight and lysed through
incubation at 100 °C to release the outer membrane. Surface expression of lipid A
linked recombinant rhamnose polymers were initially tested by western blot probing
with anti-GAS antibodies (Figure 4.8b). With time there is increased recombinant
rhamnose polymer production in the rpORha containing strain not evident in the
uninduced sample (Figure 4.8a, lanes 5 and 8), nor in the strain containing empty
plasmids only (Figure 4.8b, lanes 1 — 4). This demonstrates that the recombinant
gene expression of rpORha has modified LPS profiles of CS2775 E. coli, with
polymers in schematic Figure 4.8a (ii) expected.

For downstream analysis of rpORha polymer identity, such whole cell lysate
samples required further purification, and detachment from the LPS molecule.
Recombinant rhamnose containing samples were incubated with acetic acid, which
has been shown to cleave a labile linkage between the core oligosaccharide
terminal sugar 3-deoxy-D-mannooctulosonic acid / ketodeoxyoctonic acid (KDO)
and lipid A, to release the O-antigen chain attached to the core sugars®® (Figure
4.8a (i). Heated acetic acid treated samples were spun to obtain a fraction
containing the released O-antigen, and attached recombinant rhamnose polymers,
which were applied to an AKTA Start system to purify the sample using a
multimodal strong anion exchanger Captoadhere column used for GAC / GAS_Rha
purification in Chapter 3 section 3.3.6.3. Analysis of unbound material and eluted
fractions with anti-GAS antibodies showed the strain background and empty
plasmid controls did not show any signal, however there was signal observed in the

unbound fractions, as well as purified eluted fractions (Figure 4.8c). The eluted
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fractions showing most anti-GAS signal, 8 — 18 were pooled and buffer exchanged
before lyophilisation. The freeze dried polysaccharide sample was reconstituted and
hydrolysed for testing by High-Performance Anion-Exchange Chromatography with
Pulsed Amperometric Detection (H-PAD) but sample impurities obscured

monosaccharide detection (data not shown).

(A) (i) (ii)

0 Antigen

Outer Core

Acetic Acid Inner Core

Lipid A < Lipid A

(B) - (C)

CS775 CS775 Empty

Figure 4.8: Purification of rpORha polymers isolated from CS2775 E. coli cell surfaces.
Heated acetic acid treated CS2775 E. coli cells were used to isolate and purify surface rpORha

polymers using a captoadhere column.

(A) (i) LPS structure schematic showing acetic acid liable bond between KDO of the inner core and
the lipid A component on K12 derivative E. coli. (ii) Hypothesised rpORha polymer extracted from

lipid A component. Original figure created with BioRender.com.

Western blots probed with Rabbit anti-GAS developed with Goat anti-Rabbit IRDye®-800CW

antibodies.

(B) CS2775 E. coli (with intact WaalL) WCLs. Lanes 1 — 4 empty plasmids (pHD0131 + pHD0139);
lanes 5 — 8 rpORha plasmids (pHD0677 + pHD0256); Lanes 1/5 — Uninduced, lanes2/6 — 3 hrs
post induction, lanes 3 / 7 — overnight post induction, and lanes 4 / 8 — concentrated overnight post
induction 1/ 100.

(C) Purified and released recombinant rpORha polymers eluted from multimodal captoadhere

column using salt eluent. Numbers relate to eluted fractions on UV2so nm chromatograph.
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4.4.4. ‘One Pot’ In Vitro Reactions to Assemble Bioconjugates

After demonstration of superior expression of rpORha recombinant rhamnose in
CS2775 E. coli strain (Figure 4.7b), and preference of using constructs encoding
rhamnose from gac cluster genes, the ability of PgIB to recognise and transfer the
modified reducing end rhamnose polymers to the well characterised carrier protein
and native PgIB substrate C. jejuni AcrA protein was assessed. AcrA used
previously was selected to allow comparisons of transfer efficiency between native
lipid linked polysaccharides extracted from GAS cells (Figure 4.4) and the
recombinant E. coli produced counterpart. Due to the simplicity and previous

success using the ‘one pot’ in vitro method this was initially tested.

Lipid linked rpORha polymers were extracted from CS2775 E. coli cells with inactive
Waal after growth in 2YTPG media by mechanical cell lysis, whereas carrier protein
AcrA and PgIB OST were expressed in CLM24 E. coli. A positive control reaction
containing C. jejuni heptasaccharide was also included by incubating cell free
lysates from CLM24 E. coli expressing the pgl locus on pACYC plasmid (Figure
4.1).

Overnight reactions were set up, purified, and analysed as previously stated for
detection of glycosylated AcrA by anti-His antibodies, and rpORha by anti-GAS
antibodies. Purified samples showed that AcrA could be consistently decorated with
model C. jejuni heptasaccharide, as indicated by a clear increase in molecular
weight compared to the protein alone control (Figure 4.9, lane 2). No AcrA increase
in molecular weight was observed when co-incubated with PgIB and rpORha
(Figure 4.9, lanes 4 - 6). Some non-specific polysaccharide signal was observed in
test samples, however, this may not truly be conjugated to AcrA due to the
presence of a similar signal in the reactions that lacked PgIB (Figure 4.9, lane 3).
Therefore, although glycosylation of AcrA with C. jejuni heptasaccharide and GAS
polysaccharide was observed using the ‘one pot’ method, no convincing evidence of

glycosylation with rpORha was observed in the conditions tested.
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Figure 4.9: ‘One pot’ in vitro glycosylation testing of rpORha for conjugation to AcrA carrier
protein.

AcrA protein, lipid linked rpORha, or control polysaccharide, and PgIB OST cell free lysates were
incubated overnight, and reactions separated by SDS-PAGE before detecting for protein and
polysaccharide by Western blot. AcrA was detected with Mouse anti-His developed with Goat anti-
Mouse IgG IRDye®-680RD (protein = red) and rpORha by Rabbit anti-GAS developed with Goat
anti-Rabbit IRDye®-800CW (LLO-Polysaccharide = green) antibodies.

Lanes 1 - 3 are control reactions: 1 — AcrA alone; 2 — AcrA + PgIB + C. jejuni heptasaccharide; 3 —
AcrA + rpORha. Lanes 4 - 6 are test reactions containing increasing amounts of LLO-rpORha with
PgIB. Lane 7 is unconjugated LLO-rpORha from lane 4 test reaction containing the lowest LLO-
rpORha lysate volume.

Following successful decoration of GAS antigens with C. jejuni heptasaccharide
Figure 4.3, ‘one pot’ in vitro bioconjugation reactions were set up for simple
investigation of glycotag targeting with the more relevant polysaccharide structure
rpORha. When incubated with SpyCEP and MalE GAS carrier proteins neither a
polysaccharide signal nor a protein size shift was detected by western blot (data not
shown). However, when incubated with SpyAD carrier protein, a faint
polysaccharide band was observed above the protein at ~ 135 kDa (Figure 4.10,
lanes 4 - 7). Although the ‘one pot’ approach demonstrated successful transfer of
model C. jejuni heptasaccharide to GAS protein antigens, as well as rpORha
polymers to SpyAD GAS protein, the more traditional single cell-based conjugation
method was subsequentially investigated with both a relevant model carrier protein

as well as GAS carrier proteins.
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Figure 4.10: ‘One pot’ in vitro glycosylation testing of rpORha for conjugation to GAS
protein SpyAD.

SpyAD protein, lipid linked rpORha, or control polysaccharide, and PgIB OST cell free lysates were
incubated overnight, and reactions separated by SDS-PAGE before detecting for protein and
polysaccharide by Western blot. SpyAD was detected with Mouse anti-His developed with Goat
anti-mouse IgG IRDye®-680RD (SpyAD = red), and rpORha by Rabbit anti-GAS developed with
Goat anti-Rabbit IRDye®-800CW (LLO-rpORha = green) antibodies.

Lanes 1 - 3 are control reactions: 1 — SpyAD alone; 2 — SpyAD + LLO-rpORha; 3 — SpyAD + PgIB
+ C. jejuni heptasaccharide; Lanes 4 - 7 are test reactions containing increasing amounts of LLO-
rpORha with PgIB. Lanes 2 control reaction is matched to lane 7 with the highest LLO-rpORha
lysate volume tested. Lane 8 is unconjugated LLO-rpORha obtained from lane 4 containing the
lowest LLO-Rha lysate volume. Arrow indicates suspected weak glycosylation product at ~ 135
kDa.

4.45. Cell-Based Glycosylation to Assemble Bioconjugates

Following the apparent lack of glycosylation using the ‘one pot’ in vitro approach,
the aim was to test recombinant rhamnose glycosylation of proteins within E. coli
cells. rpORha plasmids were transformed into CLM24cedA::pgIB E. coli strain
containing the pgIB gene inserted onto the chromosome (cedA::pglIB)°>’8. This strain
was selected due to plasmid incompatibility reasons, as well as evidence to suggest
that keeping PgIB expression low reduces cellular toxicity and metabolic burden,

thus improving polysaccharide production and glycosylation efficiency®%.

4.45.1. Preparation of GAS Protein Carriers For Cellular Glycosylation
GAS specific protein antigens were cloned into low copy number plasmid pEXT21 to
avoid incompatibility clashes with the plasmids encoding the polyrhamnose
biosynthetic pathway genes within a single host strain. The same GAS antigens
nucleic acid sequences, excluding their native secretion signal and cell anchoring

domains, used previously in the ‘one pot’ in vitro system, were cloned into pEXT21
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using Xbal and EcoRl restriction sites. Proteins were engineered to contain the
same N-terminal Sec system periplasmic secretion signal sequence, DsbA
(MKKIWLALAGLVLAFSASAAQ). However, an additional glycotag (DQNAT) was
engineered onto the protein sequence at the N- terminus in addition to the C-
terminus, aiming to improve targeted N-linked glycosylation. As previously stated,
the proteins were also engineered to contain a 10xHis tag for purification purposes

(Figure 4.11a). MalE and SpyAD were successfully cloned into this system.

4.45.2. GAS Protein Carrier Glycotag Availability Using C. jejuni
Heptasaccharide as a Model Polysaccharide
Initially, C. jejuni heptasaccharide, encoded by the pgl operon on pACYC plasmid,
was transformed into cells containing GAS antigens expressed on pEXT21 plasmid.
The aim of this was to validate the cellular glycosylation approach, as well as
inspect site occupancy of the two glycotags present on the cloned GAS antigens.
MalE and SpyAD GAS proteins showed an increase in molecular weight in the
presence of PgIB and the C. jejuni heptasaccharide compared to the protein only
control strains as detected by anti-His antibodies (Figure 4.11b, lane 3). Successful
conjugation was further confirmed by blotting with soybean agglutinin (SBA) lectin to
detect the heptasaccharide (Figure 4.11c). This shows that glycosylation occurs in
both the ‘one pot’ in vitro reactions (Figure 4.3b) and cell-based assay using

chromosomal PgIB (Figure 4.11b).
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Figure 4.11: Expression, localisation, and C. jejuni heptasaccharide glycosylation of
recombinant GAS carrier proteins using the cell-based bioconjugation system.

MalE and SpyAD were cloned and expressed in CLM24cedA::pglB E. coli strain containing the
pglB gene inserted onto the chromosome (CedA::pgIB). At mid-log, cultures were induced with 1
mM IPTG and grown for a further 3 or 18 hours.

(A) Schematic representation of selected GAS protein domains engineered to contain an N-
terminal periplasmic DsbA secretion tag (purple), glycotags at both the N- and C-terminus (green)
and a 10x Histidine tag (yellow circle).

(B) Lanes 1 — 2: GAS protein expression and localisation in the periplasm of CLM24cedA::pgIB E.
coli cells at 3 hrs and 18 hrs post induction respectively. Lane 3 - Test glycosylation of GAS
antigens in the presence of C. jejuni heptasaccharide. Arrows indicate protein size shift in the
presence of all three components after 18 hrs post induction. Proteins detected by mouse anti-His
and Goat anti-mouse 1gG IRDye®-680RD antibodies.

(C) Dots 1 — 3: Protein only control strains, Dots 4 — 6: Test strains containing C. jejuni locus;
uninduced (1 / 4), 3 hrs post induction (2 / 5), and 18 hrs post induction (3 / 6). Dotted periplasmic
fractions were incubated with SBA lectin conjugated to biotin detected with streptavidin- IRDye®
680RD.
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4.45.3. Cell-Based Glycosylation of Streptococcal Model Carrier Protein
NanA with rpORha
E. coli produced rpORha was tested using the same glycosylation system within the
CLM24cedA::pgIB E. coli strain. Neuraminidase A (NanA, Spd1504), a S.
pneumoniae protein, was used as a model carrier protein for rpORha conjugation
due to its previous success in PgIB systems with the S. pneumoniae serotype 4
capsule®’, indicating its suitability as a carrier for a streptococcal polysaccharide.
NanA is secured to the cell wall*®®, expressed in all strains®®, as a multifaceted
virulence factor, shown to be immunogenic, and protective against nasopharyngeal
colonisation®®, In this work an N-terminal fragment, essential to protein function as
a lectin like domain®°! was expressed (Figure 4.12a) due to the full-length size
significantly reducing recombinant protein yields in previous work®®’. NanA was
engineered to contain 2 glycotags at either terminus which could be targeted with C.

jejuni model heptasaccharide using cell-based chromosomal PgIB (Figure 4.12b).

CLM24cedA::pgIB cells expressing rpORha were transformed with nanA in the
same low copy humber plasmid used for GAS antigen expression (pEXT21). Initial
small-scale cultures (10 — 50 ml) showed no evidence of glycoprotein production in
either 2YT or 2YTPG media (data not shown). A weak glycosylation signal was
evident in E. coli cells grown in BHI media, therefore, to test for successful
glycosylation, cultures were scaled up to 1 L volumes. Expression of both rpORha
polymers and NanA protein was observed in WCLs and periplasmic fractions (P)
isolated from large scale cultures grown in BHI media incubated overnight at 30 °C
post induction (Figure 4.12c). Purified His tagged NanA from WCL samples was
tested from both a NanA protein only control strain and the conjugation strain
(NanA-rpORha). Western blot analysis showed purified NanA at a similar predicted
fragment molecular weight (~ 50 kDa) from both strains, but with a glycosylation
signal detected by anti-GAS antibodies present in the conjugation strain only (Figure
4.12c/d).

As there was no increase in NanA molecular weight, a proteinase K assay was used
to confirm successful glycoprotein production in the conjugation strain. Proteinase K
was added to the His purified conjugate sample, as well as to the components alone
to digest the protein carrier such that subsequent loss of a polysaccharide signal
should demonstrate attachment of polysaccharide to protein. Western blot analysis
with anti-GAS antibodies shows the disappearance of the glycosylation signal for
NanA-rpORha after Proteinase K treatment in the conjugate sample, confirming that

rpORha is indeed conjugated to NanA (Figure 4.12e). Glycoconjugate components
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alone showed that NanA is sensitive to proteinase K digest as expected, whereas

rpORha polymers are unaffected unless conjugated to a susceptible protein carrier.

To further to demonstrate physical attachment of NanA to rpORha polymers, a
sandwich ELISA was developed whereby anti-GAS antibodies were used to coat
plates to capture and recognise rpORha, and anti-His conjugated to HRP antibodies
used to detect the attached His-tagged NanA protein. Prior to application of NanA-
rpORha conjugate and protein only control samples to the plate, the samples were
further purified using size exclusion chromatography and processed through an
endotoxin removal resin to remove interfering cell components. During the sandwich
ELISA thorough washing of the plate was performed to also ensure no residual non-
specific reactivity. NanA-rpORha conjugate samples showed a titratable signal
diluted 1 in 2 across the plate according to a starting NanA protein concentration of
100 pg/ml (Figure 4.12f), as calculated by BCA assay (data not shown). This signal
was not observed in the matched protein only sample containing NanA only at the
same protein concentration. Therefore, proteinase K digestion and ELISA reactivity
provides additional evidence of successful conjugation of rpORha to NanA carrier
protein occurring inside CLM24cedA::pgIB cells due to PgIB enzymatic activity.
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Figure 4.12: Conjugation of S. pneumoniae NanA carrier protein with rpORha in
chromosomal PgIB E. coli strain, CLM24cedA::pglB.

1 litre cultures of CLM24cedA::pgIB expressing either both NanA and rpORha together (conjugate),
or NanA alone (protein only), in BHI media were induced with 0.2 % arabinose and 1 mM IPTG at

mid-log phase and grown overnight.

(A) Schematic representation of cloned NanA fragment engineered to contain an N-terminal
periplasmic DsbA secretion tag (purple), glycotags at both the N and C-terminus (green) and a x10

Histidine tag (yellow circle).

(B) Dots 1 — 3: protein only control strains, Dots 4 — 6: test strains containing C. jejuni locus;
uninduced (1/4), 3 hrs (2 /5), and 18 hrs post induction (3 / 6). Dotted periplasmic fractions were
incubated with SBA lectin conjugated to biotin detected with Streptavidin IRDye® 680RD.

C - E Western blot analysis of conjugations. Red signal shows NanA carrier detected by Mouse
anti-His developed with Goat anti-mouse IgG IRDye®-680RD. Green shows rpORha detected by
Rabbit anti-GAS developed with Goat anti-rabbit IRDye®-800CW .

(C) Whole cell lysate (WCL) and periplasmic (P) fractions from conjugate strain.
(D) His purified WCLs to detect NanA and NanA-rpORha glycoprotein produced.

(E) Treatment of NanA-rpORha conjugate and components alone (NanA and rpORha) with (+) or

without (-) proteinase K.

(F) Sandwich ELISA coated with anti-GAS antibodies, detected by anti-His antibodies conjugated
to HRP for NanA protein only (red) and purified NanA-rpORha conjugate (blue).
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Total NanA protein and rpORha concentrations were subsequently determined
using BCA and Anthrone assays respectively within the purified NanA-rpORha
conjugate sample. When considering component concentrations, a ratio of 2.5: 1
(w/w) NanA to rpORha was calculated (Table 4.5). To convert to molar ratios
rpORha was assumed to be 4.9 kDa, based on the size of GAS_Rha extracted from
mutant GAS cells in Chapter 3 Table 3.9, and calculated to NanA’s molecular
weight of 50 kDa. The molar ratio was calculated to be 1 : 4.05 (m/m) NanA to
rpORha (Table 4.5). Such molarity calculations however are approximate as these
include the concentration as a sum of both unconjugated and conjugated NanA
protein, as well as assumes rpORha size to be 4.9 kDa without any experimental

sizing data on isolated rpORha polymers.

Table 4.5: Characteristics of NanA-rpORha bioconjugate.

Table denotes rpORha concentration (ug/ml) based on Anthrone, and NanA protein concentration
(ug/ml) based on BCA analysis. Weight / weight (w/w) and molar (m/m) ratios are stated as the
preparation used for immunogenicity studies (Chapter 5).

rpORha Total NanA NanA-rpORha NanA-rpORha
Conc Conc Ratio Ratio
(Mg/ml) (Mg/ml) (wiw) (m/m)
1:4.05
71.5 180 25:1 (NanA — 3.6 uM
rpORha — 14.6 yM)
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4.5. Discussion

Research undertaken in this Chapter aimed to utilise PgIB dependent
bioconjugation with E. coli modified glycoengineering hosts to produce GAS specific
bioconjugate vaccines. N-linked PgIB OST glycosylation was selected as an
approach as it has been successful in the development and testing of vaccines
against Gram-negative Francisella tularensis®26% and importantly in the context of
this work, Gram-positive bacteria such as S. pneumoniae Serotype 4°°7¢%4 and

Staphylococcus aureus®®.

Although holding great promise, the PgIB approach is not suitable for all
polysaccharides, for example those with glucose as the reducing end
monosaccharide®85%, and a multitude of polysaccharides and saccharide linkages
remain to be tested using this system. It was therefore of interest to assess PgIB
transfer capabilities of polysaccharide extracted from GAS cells in an ‘one pot’ in
vitro approach as an initial proof of principle experiment. This was in addition to
engineering E. coli to produce recombinant rhamnose variants, to test with model
and GAS specific protein antigens in both ‘one pot’ and cellular glycosylation
approaches. This work describes and evaluates the application of PGCT as an

alternative GAS specific glycoconjugate manufacturing method.

4.5.1. Successful Conjugation Testing of Proteins with Polysaccharide
Variants using PglB OST

An area initially investigated in the N-linked PGCT system was the specificity of the

C. jejuni PgIB OST to study the polysaccharide substrate. PgIB OST enzyme’s
ability to recognise and transfer polysaccharide substrate is thought to be
determined by the identity of the reducing end monosaccharide, as well as the
linkage between the reducing end and the following monosaccharide. Only
polysaccharides with a reducing end containing an acetamido group at the C2
position are currently thought to be permissive®®®5%°_ Initially to negate the need for
labour intensive cloning, required for recombinant polysaccharide biosynthesis,
glycosylation tests were first trialled using the ‘one pot’ method containing lipid
linked polysaccharide extracted from GAS bacterial cells. GAC has a GIcNAc at the
reducing end, suggesting it would be suitably recognised by PgIB, however the
following sugar in the chain, rhamnose, is attached to the GIcNAc by a 3-1,4 linkage
by the gacB gene in the cluster'®l, This particular linkage may not be recognised or
transferred by PgIB efficiently, as demonstrated by studies assessing transfer of a

GIcNAc-GIcNAc disaccharide attached to either a hon-native eukaryotic isoprene
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lipid linker®®4, or a native und-PP lipid linker858¢_ PgIB transfer assessed in this
work using the ‘one pot’ system, showed that GAC extracted from wildtype and
mutant GAS cells, containing the 3-1,4 rhamnose-GIcNAc linkage, may be
compatible with PgIB, however transfer seemed to occur at low efficiencies with
model carrier protein AcrA, and was not confirmed beyond western blot analysis.
Evidence also suggests that PgIB can be forced to accept unfavourable linkages but
only when providing substrate excess or forcing the components together in a

concentrated one pot (Wren lab, personal communication).

Based on this data, it was of interest to investigate recombinant rhamnose polymer
biosynthesis. Exploiting PGCT has a major advantage over native polysaccharide
methods as it negates the need to work with pathogenic bacteria to generate
glycoconjugate vaccine components. The gene clusters and polymer biosynthesis
expression systems, devised by Dr. Dorfmueller at Dundee University, generated
three distinct polymers for testing. This was based on three different construct
combinations, including exogenous GAS specific gac and S. mutans rpg encoded
rhamnose polymers alongside genes to produce either native or modified ‘acceptor
stem’ structures. From these three, only one polymer, rpORha, could be
successfully conjugated, encoded by gac genes containing the modified ‘acceptor
stem’ for improved PgIB recognition. Using the ‘one pot’ approach a GAS specific
protein antigen SpyAD could be successfully conjugated to rpORha polymers, albeit
at low reaction efficiencies. Therefore, in an attempt to improve reaction efficiency
and product yield, the same recombinant polymer, rpORha was tested in a cellular
glycosylation approach using a host strain containing PgIB integrated onto the
chromosome (cedA::pglB). Successful conjugation could be demonstrated with
streptococcal specific carrier protein NanA, however despite occurring inside E. coli
cells, bioconjugation product yields did not improve. Additionally, SpyAD carrier
protein, despite showing promise in the ‘one pot’ approach could not be targeted

using the cellular glycosylation approach (data not shown).

This Chapter has therefore shown that although PglB-mediated bioconjugation is
possible with certain recombinant rhamnose and protein carrier combinations, the
conditions tested in this work may have been sub-optimal for efficient
glycoconjugate production. Factors influencing expression of bioconjugate
components, for example host strains, expression systems, and culture conditions,
as well as PgIB OST efficiency, and protein carrier effects, are now discussed to
address limitations within the thesis, aiming to improve future GAS specific

bioconjugate production.
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4.5.2. Optimisation and Characterisation of Recombinant Rhamnose

Polymers
Prior to testing bioconjugation reactions, the developed recombinant rhamnose

expression systems were tested in isolation to determine the suitability and
availability of polysaccharide for PgIB mediated attachment. This was of interest,
given that the reliable recombinant polysaccharide production in the correct cellular

location is one of the major rate limiting steps in efficient bioconjugation reactions®®.

Recombinant polysaccharide expression was initially tested in CLM24 E. coli host
strain, with favourable phenotypes for bioconjugation, such as disruption of
pathways involved in O antigen biosynthesis to increase substrate availability for
protein conjugation®’4. Whole cell lysates and periplasmic fractions from cells
expressing recombinant polysaccharides showed low anti-GAS signal suggesting
poor expression yields. Some signal was also observed in non-induced cells, likely
through leaky expression of constructs, or endogenous rhamnose present in native

polysaccharides in CLM24 E. coli strains cross reacting with anti-GAS antibodies.

Given these limitations, in an attempt to improve recombinant rhamnose yields and
reduce non-specific rhamnose signal, alternative E. coli host strain, CS2775 was
tested due to an inactive rfaS gene, preventing endogenous rhamnose
modifications on surface LPS®"1°75-577 CS2775 E. coli cells gave superior yields of
recombinant rhamnose variants, specifically rpoMRha and rpORha, as well as
reduced background in non-induced negative controls, enabling more clear analysis
of recombinant expression levels. In addition to host strain background, the
literature also shows that factors such as growth media, induction conditions, and
nutrient and co-factor supplementation can improve and optimise bioconjugate
component expression yields®%. Broths rich in nutrients, namely 2YT and 2YTPG,
were found to improve the production of rhamnose polymers in both strains
compared to LB media, with an increase in cell density of E. coli grown in 2YT
thought to be due to the breakdown of the media components leading to increased

metabolite avaliability®°’.

In this study however, only rhamnose expression in isolation was optimised, but
future work should focus on improving cell-based glycosylation as a whole. This is
particularly relevant when considering the availability of certain components needed
for polysaccharide biosynthesis such as glycosyltransferases and flippase enzyme
activity, as well as lipid linkers (und-PP). These are required for transport of

assembled polysaccharides to the correct cellular location, with their availability
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shown to be a major rate limiting factor in recombinant polysaccharide
expression®’8, Und-PP lipid linkers particularly must be recycled in the cell as the
supply is limited, and multiple endogenous polysaccharides such as peptidoglycan
rely on this linker for its biosynthesis®%®6%, After assembly recombinant
polysaccharide polymers must be removed from und-PP, and added to either the
cell surface in cases where Waal is active, or to a carrier protein in the presence of
PgIB OST. Bioconjugation strains used in this work had inactivated waal., and
where there is no PgIB source, limited rhamnose production may therefore be
related to reduced und-PP availability. This theory was confirmed when rpORha
was expressed in CS2775 E. coli with an active waal gene to transfer polymers
from und-PP to the cell surface showing superior recombinant rhamnose
expression. Therefore, rpORha polymers are being synthesised efficiently in
CS2775 E. coli cells, suggesting that it may be more beneficial to test expression of

all the components together prior to condition optimisation.

Polysaccharide transfer from the membrane seems to be a rate limiting step in
recombinant production linked to C. jejuni PgIB activity levels. Therefore,
bioconjugation may also have improved by introducing pgIB into the chromosome of
the CS2775 strain to enable its use in cellular glycosylation systems to improve the
observed low bioconjugate yields. Exogenous polysaccharide biosynthesis may
have also benefited from an inducible expression system, using promoter activity to
fine tune and boost expression levels. This is likely to become more achievable in
future expression and bioconjugation testing, owed to advances in molecular

cloning techniques®®*? and their application to PGCT.

4.5.3. Suitability of Proteins as Bioconjugate Carriers Using Both

Glycosylation Methods

GAS carrier proteins, MalE, SpyCEP and SpyAD were cloned into two plasmid
systems compatible with the two bioconjugation approaches. To be compatible with
polysaccharide plasmids for cell-based glycosylation the low copy number plasmid
PEXT21 was used and proved difficult for cloning steps. For example, SpyCEP,
which showed the clearest glycosylation signal using the ‘one pot’ system, could not
tested in the cell-based system due to cloning challenges. Therefore, alternative
plasmids could be tested in future to streamline the process. All cloned carrier
proteins in both constructs were successfully secreted into the periplasm where the
C. jejuni PgIB reaction occurs. MalE antigen looked to be stable, whereas SpyCEP
and SpyAD in pEC415 used for ‘one pot’ analysis showed multiple bands,

potentially from degradation, perhaps due to instability of the cloned peptide
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fragment in the case of SpyCEP. Alternative SpyCEP fragments should be
generated to obtain a more stable peptide as instability will have downstream

repercussions for vaccine use.

The three GAS antigens showed differences in their suitability as protein carriers.
SpyCEP and SpyAD showed some level of glycosylation with C jejuni model
polysaccharide, through molecular weight increase. However, SpyCEP was limited
by the presence of degradation products, and SpyAD showed a less clear
glycosylation signal due to its large molecular weight, failing to show distinct
separation between glycosylated and unglycosylated protein forms. However, this
could be rectified by further separation or using a polysaccharide with a higher
molecular weight. MalE showed low glycosylation compared to the other antigens,
suggesting its protein folding and structure may be less optimal for PgIB transfer. To
improve this, additional glycotags could be added to extend away from the protein,

or protein surface loops could be targeted.

‘One pot’ testing with GAS specific recombinant rhamnose demonstrated no clear
glycosylation, even for model carrier protein AcrA. This was unlikely to be due to
polysaccharide levels due to optimised expression conditions and increasing
quantities of all lipid-linked recombinant polysaccharides having minimal effects on
bioconjugation. Interestingly, an exception was the reaction containing SpyAD with
rpORha, demonstrating successful but low conjugation efficiency. SpyAD, the
largest protein tested in this study, may have therefore provided a folded structure
with greater accessibility for binding to PgIB’s active site, enabling the attachment of

polysaccharide substrate containing a reducing end optimised for PgIB recognition.

Although useful for initial proof of concept studies, in this instance, small scale ‘one
pot’ reaction volumes containing finite amounts of the required three components
may have contributed to poor bioconjugate yields. Therefore, to determine whether
glycosylation yields could be improved, particularly for SpyAD protein testing, the
cell-based glycosylation approach was adopted. This was aiming to address ‘one
pot’ limitations, where components are artificially introduced in close proximity in a
single tube, compared to cell-based methods where protein carriers, polysaccharide
and PgIB OST are being continually synthesised and exported to the same cellular

location, enabling spatial association.

Prior to testing of GAS antigens as carriers, CLM24cedA::pgIB host cells containing
chromosomal PgIB were transformed with rpORha plasmids and NanA as a

streptococcus specific carrier protein. Scaling up of cultures was necessary to
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observe evidence of the successful decoration of NanA with rpORha polymers by
ELISA and proteinase K digestion, suggesting low product yield and poor reaction
efficiency. Western blot analysis failed to show conclusive bioconjugation of NanA
by a protein molecular weight increase. An absence of a protein size shift has been
observed with transfer of other polysaccharides such as Salmonella polysaccharide
(Elizabeth Atkins, personal communication), and may be challenging to observe
when small polysaccharide polymers, such as rpORha, are attached to a single
protein molecule in a mixture containing a large proportion of unconjugated protein.
Separation by SDS-PAGE may also not show polysaccharides at their true size due
to physicochemical properties. This is observed for native GAC extracted from GAS
cells shown to be ~ 9.8 kDa, corresponding to ~ 18 repeating units, yet blots show it
as a high molecular weight smear. With this in mind SDS-PAGE separation may not
have been accurate for recombinant rhamnose polymer size, and rpORha polymers
extracted from KDO could not be experimentally characterised by NMR nor other
methods such as SEC-MALS due to purity issues. Further work is therefore required
to obtain intact recombinant rhamnose samples with a high enough purity and yield

for physiochemical analysis and accurate sizing.

Despite this, low polysaccharide polymerisation was suspected, leading to
attachment of shorter rpORha polymers, which would not provide a detectable
separation in molecular weight from unconjugated protein. Since C. jejuni
heptasaccharide showed a minor yet detectable protein carrier size shift, it suggests
that the attached rpORha polymer consists of a single repeating unit or a
disaccharide. Interestingly, bioconjugation data generated by Dr. Dorfmueller
showed a distinct NanA protein specific molecular weight increase via anti-His
antibody detection following rpORha attachment. This was likely due to longer
chains, increasing the final molecular weight to a detectable level through a size
shift. It is unclear why this could not be reproduced in this work; however,
conjugation efficiency seems to deteriorate with storage of transformed
glycoengineering strains, therefore fresh transformations may to be necessary with
each test. This is a limitation to cell-based bioconjugation and would be helped by

improved expression systems in optimal strain and growth conditions.

For NanA-rpORha analysis, ELISA provided a method to show attachment whereby
the polysaccharide component was captured, and the protein component detected.
This method showed NanA decorated with rpORha but required removal of
endotoxin contaminants to obtain an acceptable assay background level to detect

such glycosylation signal. This was despite the generation of samples in an AlpxM
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strain background, preventing KDO myristate attachment reducing LPS
toxicity>°4613614 Therefore, care must be taken to prevent LPS endotoxin and other
native polysaccharides such as O antigens, from providing a source of
contamination when detecting and analysing glycoconjugate identity and for
immunogenicity testing. Contaminating host cell components were also suspected
to have interfered with NanA-rpORha bioconjugate component quantification such

as non-specific cross reactive hexose polysaccharides detected in anthrone assays.

NanA-rpoRha’s calculated glycoconjugate ratios were approximate based on total
protein in both glycosylated and unglycosylated forms, and appeared to be largely
inaccurate when considering glycotag availability. This in part was due to the
selected His-tag purification method, which retains unconjugated protein material in
the formulation. Optimal separation conditions based on anionic exchange or size
exclusion chromatography may have purified samples further for more accurate
component quantification, however conditions were not achieved in this work due to
NanA-rpORha bioconjugate properties such as cell contaminants interfering with
analysis. Future studies would also benefit from improving glycosylation to
maximise bioconjugate yield so that separation of conjugated protein can be
achieved based on size exclusion methods.

When testing MalE and SpyAD GAS antigens with C. jejuni heptasaccharide and
chromosomal PgIB, there was some level of glycosylation through molecular weight
increases detected via anti-His antibodies, and lectin staining specific to the
heptasaccharide. This was still very limited for MalE consistent with ‘one pot’
reactions indicating lower glycosylation efficiency compared to SpyAD, which
showed more distinct attachment with the largest molecular weight increase.
However, it was unclear using these detection methods whether glycosylation of
both engineered glycotags at either terminus was achieved in the cell-based system
due to the absence of a double shift in the protein’s molecular weight. Therefore, it
remains unclear whether there is merit in the addition of a second glycotag to
positively effect glycoprotein production in this work and would require further

investigation.

MalE and SpyAD were tested for attachment to rpORha polymers using
chromosomal PgIB OST. Despite a number of conditions tested, such as variable
inducer concentrations, expression duration, and temperature reduction from 37 to
30 °C to slow bacterial growth and negate any potential cellular toxicity effects,

neither GAS antigen could be decorated with rpORha polymers. Given the

181



successful attachment of C. jejuni heptasaccharide to SpyAD using the ‘one pot’,
the glycotag availability and PgIB function do not appear to be problematic in this
instance, and rather unsuccessful bioconjugation may relate to different protein
specific effects. For example, MalE showed poor glycosylation with C. jejuni
heptasaccharide, suggesting there may be protein steric limitations effecting
enzyme or polysaccharide attachment. There may also be differences in the
physiochemical properties of expressed C. jejuni heptasaccharide and rpORha
polymers such as size, structure, and charge which are not compatible with the

particular protein’s physiochemical properties.

4 .5.4. Characterising and Troubleshooting Bioconjugate Vaccine Production

Overall bioconjugate component levels may have been a contributing factor. A
major constraint when using the cell-based glycosylation approach is the restriction
of using plasmids with compatible origins of replication and selective antibiotic
resistance markers. In the current system, there was three origins of replication
(pBR322, p15A and IncW) and resistance markers (ampicillin, erythromycin and
spectinomycin), limiting the use of alternative plasmid systems, which may have
boosted expression levels. A method to overcome this is to rationally design the
host strain to integrate components onto the chromosome to streamline
bioengineering pathways and optimise the balance between expression and cell
metabolic burden. This has been achieved in some instances by chromosomal
integration of glycosyltransferase genes, streamlining recombinant polysaccharide
production, and lowering expression levels®?®. This underpinned the use of
cedA::pglB to facilitate conjugation whilst reducing cell burden caused by high
expression of the multi-transmembrane PgIB enzyme*’®. This is because higher
PgIB expression does not necessarily correlate with improved glycosylation
efficiency®®. In fact, chromosomal PgIB integration has been shown to enhance S.

pneumoniae serotype 4 capsule attachment to AcrA%04615616,

Despite this, rpORha expression levels may have been negatively affected by the
use of cedA::pgIB E. coli as this strain contains endogenous rhamnose polymers.
Future studies may therefore benefit from using the CS2775 E. coli strain, which
showed superior rpORha expression, for OST integration, as well as high
throughput metabolite screening to achieve optimal growth conditions to improve
yields. Generally, host strain compatibility and metabolite screening are areas which
require optimisation, with increased emphasis placed on rationally altering and
improving bacterial host cells for bioconjugate production as the PGCT field

develops. A good example of this is the development of 11 E. coli strains distinct in
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terms of components either rationally added or removed by CRISPR technology to
the parent E. coli W3110 strain®’, This particular study is a landmark for PGCT,
offering a strain catalogue for the expression of several different recombinant
polysaccharides, as well as carrier proteins, and linking OST enzyme combinations.
Therefore, given that there is currently no consensus on E. coli strain or associated
growth conditions, and that the optimal phenotypic background and expression was
unlikely achieved in this work, the development and use of such strains will be

important tools in the future generation of GAS specific bioconjugates.

In addition to strain background, the compatibility of the vaccine components and
OST enzyme is essential. One approach to improve OST enzyme recognition is to
modify native C. jejuni PgIB, which has demonstrated great promise in a recent
patent from GSK (Patent WO 2021/028303 Al). The group showed a 4,343-fold
increase in S. pneumoniae serotype 8 capsular polysaccharide conjugated to ExoA
model carrier protein by point mutating C. jejuni PgIB in seven distinct mutation
rounds. The reducing end linkage of glucose was 3-1,4, similar to native GAC and
rpWTRha GIcNAc linkage in this work, and may prove useful if the mutations within
PglB improves recognition of monosaccharide linkages. Such increased
glycosylation efficiency through C. jejuni PgIB engineering has also been observed

in other studies broadening substrate specificity®”¢18,

Additionally, an alternative approach to improve OST and substrate compatibility is
to investigate different OST enzymes for N-linked glycosylation, such as PgIB
paralogues and orthologues, which can display increased substrate
specificity®51:564619.620 Beyond the scope and timescale of this work, O-linked OST
enzymes such as PgIL and PgIS are also being investigated in certain instances,
usually for increased reducing end promiscuity towards galactose®?1-%22 and
glucose®®¢2% in addition to cytoplasmic N-linked bacterial glycosylation

pathways®24-627,

4.6. Summary

The PgIB OST mediated N-linked glycosylation system holds great promise for the
future production of glycoconjugate vaccines. The technology is still in its infancy
and the full potential of bioconjugation vaccine production has yet to be realised.
Findings in this Chapter provide an example of recombinant rhamnose production,
in addition to novel GAS antigens engineered to be compatible with two approaches
testing bioconjugation technology in modified E. coli glycoengineering strains.

Glycosylation was observed for SpyAD with recombinant rhamnose using the ‘one
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pot’ system and for NanA using the cell-based system, but further work will validate
the use of rpORha with species specific carrier proteins for ‘double hit’
glycoconjugates. Other tested GAS proteins were also generally able to be
conjugated to model C. jejuni polysaccharide but highlighted the need to study
availability of glycotags as MalE showed only partial size shifts. However, the
combination of selected proteins and recombinant rhamnose variants for PgIB
recognition and transfer had not previously been investigated, adding knowledge to

the field with data useful to guide subsequent compatibility testing.

Overall, it appears that the pivotal step towards N-linked bioconjugation success will
be to fully understand PgIB enzyme requirements, specifically recombinant
polysaccharide structures and carrier protein compatibility inside modified and
streamlined E. coli host cells. It is hoped as technological understanding and PgIB
OST requirements develop, more appropriate systems and compatible enzymes
can be used for increased promiscuity and transfer of problematic polysaccharides
such as GAC. It will also be beneficial to fully understand the intricate and complex
relationships between exogenous and native pathways inside glycoengineering E.
coli strains to optimise expression levels, likely to be tailored to the selected
recombinant polysaccharide, carrier protein and OST enzyme for bioconjugation.
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CHAPTER 5

Immunological Analysis of Chemical Glycoconjugate and

Bioconjugate Vaccines

5.1. Introduction

Glycoconjugate manufacturing design and production influences a vaccine’s
immunogenicity and presumed efficacy to prevent disease. Glycoconjugate
vaccines are diverse in their polysaccharide and protein components, as well as the
variety of conjugation methods used to attach them together. This results in a
variety of molecular structures, influencing exposed immunogenic epitopes, and
how antigens are displayed and processed by the immune system. Despite this, the
design and manufacture of glycoprotein antigens has often been empirical,
associated with variation in manufacturing processes, yielding incompletely

characterised antigens and variable immunogenicity profiles®2,

Glycoconjugate vaccines are processed by the immune system through B and T cell
interactions to induce adaptive immune responses (Chapter 1 Figure 1.3). It is
thought that a peptide fragment is presented by B cells to encourage helper T cells
engagement*862° however, a new model has recently been proposed, suggesting
engagement of polysaccharide specific T cells, termed Tcarb cells, through B cell
presentation of glycopeptides®3630631 |t is hypothesised that polysaccharide
antigens in their native form do not bind MHC class Il on B cell surfaces. However,
attachment to a carrier protein allows the presentation of the polysaccharide antigen
through binding of the peptide portion to MHC class Il following processing within
antigen presenting cells (APC) endolysosomes. This emphasises the importance of
protein carriers in establishing long-term polysaccharide directed humoral
responses. However, the exact mechanism and intricate relationship between
immune responses and antigen processing, is currently inadequately understood. It
is believed that polysaccharide and carrier protein properties, related to the selected
conjugation method, are important factors to consider during development, with
unfavourable properties attributable to clinical underperformance such as lower than

expected antibody titres®32.

5.1.1. Polysaccharide Antigens Relating to Glycoconjugate Immunogenicity

Polysaccharide identity, size, structure, and conformation alter glycoconjugate

vaccine immune responses. For example, in some instances increased
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polysaccharide chain lengths are thought to improve vaccine polysaccharide to
protein ratios*®8, in addition to preserving repetitive structural immunogenic B cell
epitopes®2. However, the relationship between polysaccharide chain length and
resulting immunogenicity is not clear, with some protective epitopes thought to be
associated with branched structures for certain polysaccharides®4-64°. Additionally,
glycoconjugates made with both small oligosaccharides as well as large
polysaccharides have been shown to be successful in clinical trials, as well as
efficacy testing of licenced vaccines®?. Therefore, although polysaccharide chain
length and structure influences adaptive immune responses, specifically antigen
presentation by B cells®®, the optimum number of repeat units and protective
conformations required to achieve long lasting antibody responses is currently
unknown. This is likely something that must be determined in the context of each

specific glycoconjugate vaccine.

GAC, in comparison to other streptococcal polysaccharides, has a simple structure
composed of only two monosaccharide constituents, rhamnose and GIcNAc, in a
fairly linear unbranched structure (Chapter 1 Figure 1.1). GAC is also reasonably
small in size and polysaccharide chain length. Chapter 3 Table 3.9 showed that
extracted wildtype GAC, included in chemical conjugation reactions, is 9.8 kDa in
size, correlating to an average of ~ 18 repeating units within the chain to stimulate
the immune system. In comparison, the bioconjugate vaccine manufactured in
Chapter 4 investigated recombinant rhamnose as an antigen encoded by the gac
gene cluster. This includes gacH, a gene hypothesised to be involved in
polysaccharide chain length regulation (Dr. Dorfmueller, personal communication),
and may therefore produce polysaccharide chains of a similar length to native GAC.
However, as discussed, this could not be experimentally determined, and
recombinant rhamnose conformation and size may be different, as was seen for

rhamnose polymers extracted from the gacl GAS mutant produced in Chapter 3.

5.1.2. Protein Antigens Relating to Glycoconjugate Immunogenicity

Historically, when using classical carrier proteins such as TT or CRMig7, the carriers
of choice for most currently licensed glycoconjugate vaccines, the polysaccharide
antigen holds greater immunogenic importance for vaccine induced
protectiont64638641 Recently, due to a limited panel of classical protein carriers,
immunogenic suppression of anti-polysaccharide responses has been observed
after repeated immunisations with vaccines containing the same classical carrier
proteins®42643 This is mediated by inhibition of polysaccharide antibody responses

by carrier-specific B cells and suppressor T cells due to pre-existing carrier protein
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immunity4”. This is a concern for both multivalent vaccines containing the same
carrier protein, as well as for co-administered vaccines in the infant immunisation

schedule that also use the same carrier protein in different preparations*®’.

Recently, more interest has been directed towards investigation of whether it is
beneficial to include protein antigens from the same pathogen to generate ‘double
hit’ glycoconjugate vaccines. It is hoped that such protein carriers can contribute to
protection through its own independent immunological properties, in addition to
supporting the immune response generated against the attached polysaccharide
antigen. For this to occur it is essential to preserve and understand the selected
protein antigens conformation to ensure optimal T cell presentation and
maintenance of B cell epitopes. Therefore approaches such as structural and
reverse vaccinology are becoming more common during the selection of protein

carriers in ‘double hit’ preparations39>:644,

‘Double hit’ glycoconjugate vaccines have been experimentally tested for both
chemical and biological conjugation methods?*!1:412:447.597 " gpecifically, GAS protein
antigens SpyAD, SpyCEP, SLO, and C5a peptidase have been investigated in
several recent studies assessing chemical conjugation methods*1412, Generally
these studies have found GAS antigens to be good carriers for GAC, inducing GAC
specific antibodies*'144’, and in some instances anti-protein antibodies*4’. Some
‘double hit’ vaccines have also shown protection in mice against GAS challenge
when a combination of glycoconjugate and protein antigens are immunised
together*'?, In addition to chemically derived glycoconjugates, ‘double hit’
bioconjugates have also been investigated for some bacterial species. Such studies
have yet to test GAS specific antigens, however, studies have demonstrated strong
opsonic antibody responses following immunisation with a S. pneumoniae
bioconjugate vaccine containing protein carrier NanA conjugated to serotype 4
capsular polysaccharide®’. NanA was also used in this work as a control carrier

protein for rhamnose polysaccharide attachment (Chapter 4 section 4.4.5).

5.1.3. Manufacturing Methods Relating to Glycoconjugate Immunogenicity

Polysaccharide and protein carrier properties place constraint on the selected
conjugation approach to covalently attach them together. A plethora of conjugation
approaches are available; however, such variety adds a layer of complexity when
assessing and comparing glycoconjugate immunogenicity. For example, differences
in preparations can be observed in the site of attachment on carrier proteins, as well

as the presence or absence of linker within the product. Different conjugation
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methods result in varying degrees of protein decoration with polysaccharide
antigens, and have in some instances yielded unexpected immunogenicity
results®32%45, This highlights that the selection of an optimal conjugation approach is

not obvious for a given combination of vaccine components.

Semi-selective chemical conjugation approaches utilising terminal activation of the
polysaccharide chain is possible®4, and is similar to biological conjugation enabling
single point enzymatic attachment of polysaccharides using the terminal reducing
end monosaccharide®®®%4’. However, specific point attachment of a protein using
chemical linking agents is often more complicated, traditionally targeting many
amino acid residues on protein surfaces**®, whereas bioconjugate production allows
more precise control over carrier protein attachment sites, and therefore distribution
of glycoconjugate size. This is due to introduction of specific glycotags to known
protein regions to control the level and position of polysaccharide attachment®6#648,
Despite this, there is currently no consensus nor threshold of protein carrier
decoration with polysaccharide reported to induce strong anti-polysaccharide

immune responses.

This Chapter will investigate whether both methods, chemical and biological
conjugation, are able to generate immunogenic glycoconjugate vaccines. This is
through testing of IgG antibody levels and functionality with GAS cell binding and
GAS cell killing by opsonophagocytosis. Additionally, the immunogenicity of
chemical glycoconjugate SpyAD-GAC containing two GAS antigens will be
compared to TT-GAC glycoconjugate manufactured using the same methodology
but with a classical protein carrier (Chapter 3). The level and functionality of anti-
polysaccharide and anti-carrier protein IgG responses induced by the two
glycoconjugates will be assessed, determining whether there is any additional

protectivity capability when including a GAS antigen as a carrier protein.
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5.2. Aim, Hypothesis and Objectives

Three chemical glycoconjugate vaccines were successfully generated; GAS protein
antigen SpyAD conjugated to GAC as a ‘double hit" GAS vaccine, and classical
carrier protein Tetanus Toxoid (TT) conjugated to either GAC or GAS_Rha (Chapter
3). One biological glycoconjugate vaccine was generated with NanA Streptococcal

carrier protein conjugated to recombinant polyrhamnose (rpORha) (Chapter 4).

Aim: Investigate the immunogenicity of the resulting glycoconjugate vaccine

candidates to determine a preferred glycoconjugate manufacturing method.
Hypothesis:

¢ Chemical and biological derived glycoconjugate candidates will have different

immunogenicity profiles, specifically antibody levels and functionality.

Objectives:

1) Immunise mice with glycoconjugate preparations manufactured using either
chemical or biological conjugation methodologies and different carrier proteins.
Test immune sera by ELISA to determine anti-polysaccharide and anti-protein
IgG antibody titres where appropriate.

2) Determine if antibodies are functional for binding to GAS cell surfaces or killing
GAS cells by opsonophagocytosis assay.
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5.3. Methods

5.3.1. Animals and Immunisations

As stated previously, animal studies were conducted according to the UK Home
Office regulations and were approved by the local ethics committee. Groups of 5
female 8-10 week-old BALB/c mice (Charles River Laboratories, Saffron Walden,
UK) were immunised subcutaneously with various conjugates containing 2 ug of
polysaccharide (GAC / GAS_Rha / recombinant rhamnose - rpORha) per dose.
Vaccines were adsorbed onto aluminium hydroxide (Alum) adjuvant (Alhydrogel® 2
%, InvivoGen) at 100 pg/dose concentration overnight at 4 °C with agitation. Each
mouse received 3 doses at 14 day intervals, with a group receiving PBS with Alum
only as a negative control. Serum was collected 13 days after the initial
immunisation (test bleed 1), and before the third immunisation on day 27 (test bleed
2), followed by terminal bleeds collected two weeks after the final immunisation (day
42).

5.3.2. Immunoassays
5.3.2.1. ELISA to Measure IgG Antibody Titres Against Polysaccharide and

Protein Portions of Glycoconjugate Vaccines
MaxiSORP 96-well plates (Thermo Fisher Scientific) were coated with 50 pl/well 0.5
pg/ml of purified polysaccharide (GAC or GAS_Rha) or recombinant protein (TT or
SpyAD) diluted in carbonate buffer overnight at 4 °C. Serum dilutions were prepared
in assay diluent before being added to the plate and serially diluted. Test sera (day
13/ 27) were routinely diluted 1 : 50 and terminal sera diluted 1 : 100 before 2-fold
or 3-fold titrations incubated at 37 °C for 2 hours. Plates were developed by addition
of 100 ul/well of anti-mouse 1gG-HRP (Sigma-Aldrich™) diluted 1 : 20,000 in assay
diluent incubated at 37 °C for 1 hour before detection and data analysis as stated in

general method sections 2.4.2 and 2.6.1.

5.3.2.2. Immunofluorescence Staining and Flow Cytometry (FAC) Analysis
of Glycoconjugate Sera
GAS cultures were grown to log-phase OD go0nm 0.4 and cells harvested for 10
minutes at 4,000 x g. GAS cells were resuspended in 1 ml PBS with 10 % goat
serum and incubated for 20 minutes at room temperature. GAS cells were
harvested through a 4000 x g spin for 10 minutes before resuspension in 100 pul of
staining buffer (PBS supplemented with 0.1% BSA and 10% goat serum). Washed
cells were harvested again before incubation with immune mouse serum diluted 1 :

4 in staining buffer for 1 hour at 4 °C. GAS cells were washed with PBS
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supplemented with 0.1 % BSA before incubation with 100 pl Goat anti-Mouse-FITC
(Thermo Fisher Scientific) diluted 1 : 3,000 in PBS supplemented with 0.1% BSA for
45 minutes at 4 °C. GAS cells were washed with PBS supplemented with 0.1% BSA
before suspension in 1 ml of fixative buffer (2% formaldehyde and 50% PBS).
Sample data was collected on a BD FACS Canto Il flow cytometer, with FlowJo
Software used for data analysis.

5.3.2.3. Opsonophagocytosis Assay (OPA) to Assess GAS Killing by
Immune Sera
To test opsonophagocytic activity of immune sera against GAS cells, HL60 cells
(ATCC CCL-240) were grown in RPMI 1640 media (Sigma-Aldrich™), 10% FBS
(Gibco®), 1% glutamine (Sigma-Aldrich™) and 1% penicillin—streptomycin (Sigma-
Aldrich™), For the assay, HL60 cells were differentiated in 2100 ml culture medium
supplemented with 0.8% dimethylformamide (DMF) (Sigma-Aldrich™) at 4 x 10°
cells/ml for 6 days without penicillin-streptomycin. Frozen GAS cultures were tested
with differentiated HL60 cells in the presence of 2 % baby rabbit serum as a source
of complement (Pel-Freez Biologicals) at a ratio of 1 : 400, GAS : HL60 cells. A
control sample received heat inactivated baby rabbit serum. GAS frozen cultures
were thawed, washed, and diluted to calculate input dilution in sterile opsonisation
buffer B (OBB) (1 x Hanks' Balanced Salt Solution (HBSS) with salts (Gibco®),
0.1% gelatin and 5% FBS), to yield ~ 60 — 100 CFU / 5 pyl spot. Ten pl of diluted
GAS was added to 20 ul of immune sera dilutions or OBB in 96-well round-bottom
plates incubated for 30 minutes at room temperature shaking at 700 rpm. During the
incubation, differentiated HL60 cells were harvested at 350 x g for 5 minutes and
the media supernatant removed. The pelleted cells were washed in 1 x HBSS
without salts (Gibco®) harvested by a 5-minute 350 x g spin followed by a
subsequent wash with 1 x HBSS with salts (Gibco®) before being harvested again
by centrifugation. Pelleted HL60 cells were resuspended in OBB to 1 x 107 cells/ml
and mixed with 2% complement or heat-inactivated complement at a ratio of 4 : 1,
cells to complement. 50 ul of the cell/complement mixture was then added to
opsonised GAS before a 90-minute incubation at 37 °C, 5% CO, with shaking at
200 rpm. Incubated plates were then placed on ice for 20 minutes to stop
phagocytosis before the cultures were resuspended and 5 ul was drip-plated on

THY agar plates for visual enumeration of GAS CFUs.

191



5.4. Results

5.4.1. Antibody Titres Generated from Glycoconjugate Vaccine

Immunisation
Three chemically derived glycoconjugates manufactured in Chapter 3; TT-GAC,
SpyAD-GAC and TT-GAS_Rha, as well as one biological glycoconjugate, NanA-
rpORha manufactured in Chapter 4 were tested for immunogenicity (Figure 5.1).
Two test bleeds (days 13 and 27) as well as a terminal bleed (day 42) were
collected to determine IgG antibody production in test groups. Antiserum responses
were compared to those of mice which received GAC-CRM1g7 (as a positive control),
PBS with Alum, or polysaccharide antigens alone (as negative controls), as
described in Table 5.1.

Table 5.1: GAS specific glycoconjugate vaccine groups and antigen components.
The table denotes mice groupings (n = 5/group), polysaccharide (PS) and protein identity and

description.
Group PS Identity Carrier Protein Description

1 N/A N/A Adjuvant Only

2 GAC WT* CRMag7 Positive Control

3 GAC WT N/A PS only

4 GAS_Rha N/A PS only

5 GAC WT TT Chemical Conjugate
6 GAC WT SpyAD Chemical Conjugate
7 GAS_Rha TT Chemical Conjugate
8 rpORha NanA Biological Conjugate

N/A = not applicable,

WT = wildtype,

CRMz97 = genetically detoxified form of diphtheria toxin,

TT = Tetanus Toxoid,

* = Wildtype GAC extracted used a different method to those described in this thesis, produced externally.
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Immunisations

Prime - Day 1 Boost - Day 14 Boost - Day 28
Day 13 Day 27 Day 42

-~ & & &

Figure 5.1: Subcutaneous immunisation schedule of BALB/c mice for GAS specific

glycoconjugate immunogenicity study.

Schematic representation of immunisation schedule of mice receiving three doses of 2 g of
polysaccharide conjugated to protein carriers adsorbed onto Alum adjuvant — days 1, 14 and 28 (n
=5 mice/group). Day 13 = test sera 1 (one immunisation), day 27 = test sera 2 (two

immunisations), and day 42 = terminal sera (three immunisations).

Original figure created with BioRender.com.

5.4.1.1. Anti-Polysaccharide IgG Levels

In order to test glycoconjugate vaccine immunogenicity WT GAC was used to coat
ELISA plates as the most clinically relevant of the polysaccharide preparations,
observed during natural GAS infection. Background signal was established from
sera obtained from mice immunised with Alum only, with geometric mean titre
(GMT) = 38 (range: 1 - 139). As expected, polysaccharide alone did not induce IgG
antibodies above the background signal in either test bleeds (GMT = 31 (range: 21 -
50), and GMT = 82 (range: 46 - 164)) or terminal bleed sera (GMT = 66 (range: 1 -
107)) (Figure 5.2a - ¢ — yellow dot). The group of mice immunised with the positive
control (GAC-CRMag7) showed high variability in the IgG antibody level, with three
mice responding well with significantly elevated anti-GAC IgG responses after the
second immunisation compared to the adjuvant baseline (GMT = 1,213 (range: 148
—3,360) (p = 0.0351) (Figure 5.2b — orange dot). By the end of the experiment at
day 42 anti-GAC IgG responses were significantly increased in mice immunised
with GAC-CRM ;g7 glycoconjugate vaccine compared to the adjuvant baseline (GMT
= 50,722 (range: 222 — 13,148)) (p = 0.0047) (Figure 5.2c — orange dot).

Mice primed with one dose of either TT-GAC or SpyAD-GAC glycoconjugates
showed no response above the background signal for Alum adjuvant and
polysaccharide only groups (Figure 5.2a — blue and purple dots) with GMT of anti-
GAC IgG antibodies for TT-GAC; 28 (range: 18 - 41) and SpyAD-GAC; 26 (range:

19 - 36). After boosting 2 weeks later with a second dose of glycoconjugate vaccine,
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although there was a slight increase in the anti-GAC 1gG antibody responses for
both vaccines, this was still not significantly above baseline for either
glycoconjugate (Figure 5.2b — blue and purple dots). However, terminal sera
collected after a third immunisation (day 42) showed that mice immunised with TT-
GAC had significantly elevated anti-GAC IgG titres compared to Alum background
(GMT = 257 (range: 208 — 304), p = 0.0373) (Figure 5.2c — blue dots). SpyAD-GAC
did also show a slight increase in anti-GAC IgG titres, similar to titres from TT-GAC
immunisation, however, this was found to not be statistically significant compared to
Alum only background (GMT = 187 (range: 88 - 411), p = 0.4670) (Figure 5.2¢c —
purple dots). This is despite one mouse generating higher anti-GAC antibody titres
than mice immunised with TT-GAC. In fact, following Mann-Whitney analysis no
statistical difference was found between anti-GAC antibody titres generated by three

doses of TT-GAC and SpyAD-GAC glycoconjugates.
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Figure 5.2: ELISA analysis of anti-GAC IgG antibody titres in day 13, 27 and 42 antisera of
mice immunised with wildtype GAC containing glycoconjugates.

BALB/c mice were immunised with 3 doses of polysaccharide or glycoconjugate vaccines, positive
control GAC-CRM (group 2 - orange), WT GAC (group 3 - yellow), TT-GAC (group 4 - blue) and
SpyAD-GAC (group 6 - purple). Sera were analysed for anti-GAC response by ELISA. Antiserum
titration curves (i) and individual 1gG titre and Geometric Mean Titres of the group (GMT; horizontal
bars with vertical standard deviation error bars) (ii) for individual mice were tested and calculated
for (A) test bleed 1, day 13, (B) test bleed 2, day 27 and (C) terminal bleed, day 48 on plates
coated with purified WT GAC polysaccharide. DF = serum dilution factor.

Significance compared to group 1 (Alum) determined by Kruskal-Wallis test, * p<0.05, and **
p<0.01, ns = not significant.
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Similar to GAC WT, GAS_Rha polysaccharide alone did not elicit anti-GAC IgG
responses above the Alum only group signal in either test or terminal bleeds after
three immunisations (Figure 5.3a - ¢ — yellow dot). Although slightly higher,
glycoconjugate TT-GAS_Rha antisera also failed to show any significant anti-GAC
IgG antibody responses above the Alum antisera baseline for either test or terminal
bleeds (Figure 5.3a - ¢ — pink dot). Antisera from the third immunisation showed
limited antibody boosting in 4 mice only, and more variability between the
background signal (Figure 5.3 ¢ — pink dot). Additionally, compared to mice
receiving GAS_Rha polysaccharide only, there was no significant difference in anti-

GAC IgG after any immunisation.

Bioconjugate NanA-rpORha also failed to induce a significant anti-GAC IgG
antibody response similar to TT-GAS_Rha. Again, there was limited IgG boosting
with each immunisation, and the anti-GAC IgG titres were found to not be
significantly above the Alum only baseline after the third immunisation, nor above
the group receiving GAS_Rha polysaccharide only (Figure 5.3a - ¢ — green dot).
This suggests limited humoral responses against native GAC with this modified

polysaccharide antigen.
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Figure 5.3: ELISA analysis of anti-GAC IgG antibody titres in day 13, 27 and 42 antisera of
mice immunised with modified GAC containing glycoconjugates.

BALB/c mice were immunised with 3 doses of polysaccharide or glycoconjugates, GAS_Rha
(group 4 - yellow), TT-GAS_Rha (group 7 - pink) and NanA-rpORha (group 8 - green). Sera were
analysed for anti-GAC response by ELISA. Antiserum dilution titrations (i) and OD 0.5 Geometric
Mean Titres (GMT; horizontal bars with vertical standard deviation error bars) (ii) for individual mice
were tested and calculated for (A) test bleed 1, day 13, (B) test bleed 2, day 27 and (C) terminal
bleed, day 48, compared to adjuvant only group (group 1 - red) on plates coated with purified WT

GAC polysaccharide. DF = serum dilution factor.
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ELISA optical density signal readings appeared to be generally low for murine
antiserum from the modified polysaccharide conjugate groups when tested on WT
GAC coated plates. Therefore, to test whether the observed low signal was due to
polysaccharide modification, or absence of critical polysaccharide epitopes, an
attempt was made to subsequently coat plates with GAS_Rha polysaccharide,
composed of rhamnose epitopes only to check possible recognition of immune sera
antibodies by native antigens. Neither rhamnose containing glycoconjugate vaccine,
TT-GAS_Rha or NanA-rpORha gave an elevated signal above the Alum only group
for this coating antigen in either test sera (Figure 5.4a - b pink and green dots), and
in fact a small reduction in titres was observed after the third immunisation (Figure

5.4c - pink and green dots).

To verify if anti-GAC antibodies can recognise GAS_Rha polysaccharide as coating
antigens, a ‘positive control’ serum, used to assess plate to plate variation, was
prepared from pooled sera containing antibodies against WT GAC from a previous
immunisation. Results showed that anti-GAC positive serum did not recognise the
GAS_Rha polysaccharide coating antigen, unlike when WT GAC was used as a
coating antigen (Figure 5.4c — orange dot). This may suggest that anti-GAC
antibodies do not strongly recognise epitopes present on rhamnose

polysaccharides.
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Figure 5.4: ELISA analysis of anti-GAS_Rha IgG antibody titres in day 13, 27 and 42 antisera
of mice immunised with modified GAC containing glycoconjugates.

BALB/c mice were immunised with 3 doses of polysaccharide or glycoconjugates, GAS_Rha
(group 4 - yellow), TT-GAS_Rha (group 7 - pink) and NanA-rpORha (group 8 - green). Sera were
analysed for anti-GAS_Rha response by ELISA. Antiserum dilution titrations (i) and OD 0.5
Geometric Mean Titres (GMT; horizontal bars with vertical standard deviation error bars) (ii) for
individual mice were tested and calculated for (A) test bleed 1, day 13, (B) test bleed 2, day 27 and
(C) terminal bleed, day 48, compared to adjuvant only group (group 1 - red) on plates coated with
purified GAS_Rha polysaccharide. DF = serum dilution factor.
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5.4.1.2. Anti-Protein IgG Levels

In addition to testing anti-polysaccharide IgG responses, the immunogenic
responses directed against the protein portion of the glycoconjugate vaccines were
also evaluated in mice immunised with TT-GAC, TT-GAS_Rha and SpyAD-GAC
chemical glycoconjugates.

After priming mice with one dose of glycoconjugate samples (TT-GAC or TT-
GAS_Rha) anti-TT IgG titres were similar for both groups, significantly elevated
compared to mice receiving Alum only (TT-GAC; GMT = 164 (range: 46 - 249), p =
0.0213, and TT-GAS_Rha; GMT = 190 (range: 115 - 359), p = 0.0113) (Figure
5.5a). Anti-TT IgG antibody titres were elevated further after the second
immunisation, ~ 10-fold for TT-GAC (GMT = 1,351 (range: 1,163 - 1,527), p =
0.079), and 36-fold for TT-GAS_Rha (GMT = 6,858 (range: 3,424 - 10,235), p =
0.030) (Figure 5.5b). A further increase in anti-TT IgG antibodies was observed after
the third dose of both TT-GAC (GMT = 8,615 (range: 5,906 - 12,717), p = 0.0079),
and TT-GAS_Rha (GMT = 79,558 (range: 32,044 - 157,224), p = 0.0008) (Figure
5.5¢). The final anti-TT titres were almost 10-fold higher for mice receiving TT-
GAS_Rha compared to TT-GAC glycoconjugate (p = 0.0079).

The GAS specific protein response was also tested in sera following immunisation
with ‘double hit’ glycoconjugate vaccine SpyAD-GAC. Data showed that the
glycoconjugate induced a good level of anti-SpyAD IgG with a boosting effect from
each immunisation compared to mice receiving Alum. The first immunisation
showed a GMT = 266 (range: 167 — 426 (p = 0.0079)), the second immunisation a
GMT =935 (range: 536 — 1,955 (p = 0.0079)), and the third immunisation a GMT =
5,037 (range: 3,280 - 7,058 (p = 0.001)). This equated to approximately a 19-fold
increase in anti-SpyAD IgG antibody titres between the first and third immunisation.
Anti-SpyAD responses were significantly above background level from mice
immunised with Alum only (p = <0.0001) (Figure 5.6 a - ¢ — purple dot).
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Figure 5.5: ELISA analysis of anti-TT antibody titres in day 13, 27 and 42 antisera of mice
immunised with TT containing glycoconjugates.

BALB/c mice were immunised with 3 doses of glycoconjugates, TT-GAC (group 5 - blue), or TT-
GAS_Rha (group 7 - pink). Sera were analysed for anti-TT response by ELISA. Antiserum dilution
titrations (i) and OD 0.5 Geometric Mean Titres (GMT; horizonal bars with vertical standard
deviation error bars) (ii) for individual mice were tested and calculated for (A) test bleed 1, day 13,
(B) test bleed 2, day 27 and (C) terminal bleed, day 48, compared to adjuvant only group (group 1

- red) on plates coated with purified TT monomer. DF = serum dilution factor.

Significance compared to group 1 (Alum) determined by Kruskal-Wallis test, * p<0.05, ** p<0.01,
and *** p<0.001.
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Figure 5.6: ELISA analysis of anti-SpyAD antibody titres in day 13, 27 and 42 antisera of
mice immunised with SpyAD containing glycoconjugate.

BALB/c mice were immunised with three doses of glycoconjugate, SpyAD-GAC (group 6 - purple).
Sera were analysed for anti-SpyAD response by ELISA. Antiserum dilution titrations (i) and OD 0.5
Geometric Mean Titres (GMT; horizontal bars with vertical standard deviation error bars) (ii) for
individual mice were tested and calculated for (A) test bleed 1, day 13, (B) test bleed 2, day 27 and
(C) terminal bleed, day 48, compared to adjuvant only group (group 1 - red) on plates coated with
purified SpyAD protein. DF = serum dilution factor.

Significance compared to group 1 (Alum) determined by Mann-Whitney U test, ** p<0.01, ***
p<0.001.
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5.4.2. Function of Antibodies Generated from Glycoconjugate Vaccine

Immunisation
5.4.2.1. Glycoconjugate Directed Antibodies Binding GAS Cell Surfaces
It is important to assess immune response functionality as well as antibody titres.
First, binding to whole GAS cells was assessed to demonstrate whether antibodies
were opsonising due to cell surface GAC inclusion, as well as SpyAD as a ‘moon
lighting’ protein®®® for SpyAD-GAC antisera. Pooled terminal sera (day 42) from
mice immunised with glycoconjugates TT-GAC, SpyAD-GAC, TT-GAS_Rha, and
NanA-rpORha were incubated with live M1 GAS strain NCTC 8189. Antibody
binding was detected with FITC-labelled secondary antibodies and analysed by flow
cytometry. Immune sera were compared with nonimmune sera from mice receiving

Alum adjuvant only (Figure 5.7, red histogram).

Although limited GAS cell surface binding was observed for all glycoconjugate sera
compared to M1 immune sera, used as a positive control, slight GAS cell surface
binding was observed for some samples (Figure 5.7, blue histograms). Immune
sera against glycoconjugate vaccines containing WT GAC, specifically TT-GAC and
SpyAD-GAC appeared to show better GAS cell surface binding compared to
glycoconjugate vaccines containing modified GAC extracted from GAS cells (TT-
GAS_Rha). The percentage of increased mean fluorescence intensity was found to
be 29 % and 41 % for TT-GAC and SpyAD-GAC IgG specific antibodies
respectively, when compared to the mean FITC signal of sera from mice receiving
Alum only. The mean percentage increase in fluorescence from binding of SpyAD-
GAC specific IgG antibodies was also found to be similar to positive control
glycoconjugate GAC-CRM197 Which showed a 45 % increase in mean fluorescence.
TT-GAS_Rha glycoconjugate antisera appeared to show the same FITC signal
compared to GAS cells incubated with nonimmune sera, with just 1 % increase in
mean fluorescence. Interestingly, a smaller shift was observed for antibody binding
to GAS cells from mice immunised with NanA-rpORha bioconjugate containing
modified rhamnose polymers. This antiserum showed an increase of 29 % in mean
fluorescence intensity compared to Alum antisera, however whether this was
attributable to anti-polysaccharide or anti-protein, or indeed a combination of

antibody responses is unknown.
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Figure 5.7: Flow cytometry analysis of GAS M1 NCTC 8189 cells stained with mouse
antisera against glycoconjugate vaccines.

Histograms show specific 1IgG binding by a shift in the FITC fluorescent signals. Mouse antisera
was diluted 1 : 4 and compared to diluted nonimmune sera (group 1 - Alum). Red = nonimmune
sera, and blue = immune sera. Numbers indicate the calculated mean percentage of increased

signal of immunised mouse serum over the nonimmune serum signal.

5.4.2.2. Glycoconjugate Directed Antibodies Inducing GAS
Opsonophagocytic Killing
In addition to cell surface binding, functionality through opsonophagocytic GAS
killing was investigated. Initially immune sera against protein antigens (Chapter 3
section 3.4.2.2), were tested for presence of opsonic antibodies compared to sera
obtained from mice receiving Alum only, and pooled human IgG (IVIG) was used as
a positive control. Out of the three tested GAS antigens, only sera against SpyAD
showed some level of killing with 18 % reduction in GAS CFUs, significantly greater
than baseline (p = 0.0207) (Figure 5.8a). Anti-SpyCEP antibodies showed a 10 %
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reduction in GAS CFUs but this was not statistically different from baseline, and
MalE directed antibodies failed to initiate any functional opsonophagocytic killing

above nonimmune sera (Figure 5.8a).

Antisera from mice immunised with glycoconjugate vaccines which generated some
level of anti-GAC antibodies, specifically TT-GAC and SpyAD-GAC, were also
tested for opsonophagocytic GAS killing compared to nonimmune sera from mice
immunised with Alum only. Antisera from positive control glycoconjugate vaccine,
GAC-CRM1g7 (Figure 5.8b — orange bar), and test glycoconjugate TT-GAC (Figure
5.8b — dark blue bar) failed to show any opsonophagocytic killing above baseline
levels. Of all the tested glycoconjugate vaccines, SpyAD-GAC glycoconjugate
performed the best with 17.5 % reduction in GAS CFUs (Figure 5.8b — purple bar),
statistically significant above baseline levels (p = 0.0194). To compare killing
activity, SpyAD-GAC conjugate and SpyAD protein alone antisera were normalised
to one another and showed similar levels of GAS Kkilling (Figure 5.8c). This suggests
killing is mediated by anti-SpyAD antibodies, as the effect was not observed in mice

immunised with classical carrier protein (TT or CRMig7) glycoconjugate vaccines.
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Figure 5.8: Glycoconjugate and protein antigen immune sera can induce neutrophil-
mediated GAS killing assessed by a HL60-based opsonophagocytosis assay (OPA).

GAS cell killing by immune mouse sera was quantified relative to the controls containing
nonimmune sera (group 1 — alum). Pooled human IgG (IVIG) positive control, Alum only group as
baseline, and sera against protein antigens (A), glycoconjugate vaccines (B) and normalised

SpyAD containing protein antisera (C) were tested.

Unpaired T test comparison with Alum sera is indicated: NS, not significant, * p<0.05, and **** p <
0.0001.
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5.5. Discussion

The immunogenicity of glycoconjugate vaccines is influenced by a multitude of
factors, including but not limited to polysaccharide and protein carrier
characteristics, and the selected conjugation approach®®. Understanding in
molecular chemistry, glycobiology, and glycoimmunology have led to substantially
improved glycoconjugate vaccine efficacy, however the relationship between
polysaccharide and protein epitopes in preparations remains fairly
uncharacterised®?®, This Chapter aimed to assess immune stimulation by
glycoconjugates derived from two conjugation methods, through chemical
attachment of purified antigens, or by bacterial E. coli glycoengineering.
Additionally, previous studies have only investigated GAC or rhamnose containing
polysaccharide antigens in isolation, distinct from this study with a direct comparison
of polymers enzymatically extracted from GAS cells. Overall, from the four
candidates, only TT-GAC glycoconjugate was immunogenic with respect to the
GAC response after three immunisations in mice. Comparisons and potential

reasons for the limited immunogenicity will now be discussed.

5.5.1. Immune Response to Chemical Glycoconjugate Vaccines — TT-GAC
and SpyAD-GAC

Protein moieties in both semi-selective chemical and site-specific biological

glycoconjugate preparations provide T cell help, traditionally through classical
protein carriers known to be efficient in supporting anti-polysaccharide 1gG antibody
generation. In this study, relatively similar anti-polysaccharide IgG levels were
induced by both TT-GAC and SpyAD-GAC glycoconjugates, however, TT-GAC
showed slightly higher responses compared to SpyAD-GAC terminal sera, the latter

of which was deemed not to be significantly elevated above baseline.

Protein to polysaccharide ratio is a key aspect to understanding conjugation
reaction efficiency and resulting immunogenicity. In this work total molar ratios were
calculated due to challenges encountered to separate free protein from conjugates,
therefore both conjugated and unconjugated protein forms were present in
preparations. Total molar ratios were calculated to be similar for TT-GAC (1 : 5.59
m/m) and SpyAD-GAC (1 : 8.84 m/m) protein to polysaccharide molecules.
Quantification of unconjugated versus conjugated TT was possible, showing its
conjugate molar ratio to be around 1 : 9.72 m/m TT to GAC but SpyAD-GAC was
constrained by the amount of remaining sample for testing so the conjugate ratio

could not be calculated. However, based on the assumption that not all SpyAD
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protein in the purified reaction will be conjugated to GAC molecules, SpyAD may
have in fact been more glycosylated than TT, despite not inducing significant anti-
GAC antibody titres. This may be linked to data generated in this thesis suggesting
that SpyAD has more targetable surface lysine residues compared to TT. Despite
this however, based on slightly improved anti-GAC IgG titres, classical carrier TT
may be a superior carrier to SpyAD, but further work would be required to validate
this claim. TT and SpyAD are similar in size, 90 kDa and 88 kDa respectively,
therefore such differences may be due to protein structural properties, specifically in
relation to the way the GAC epitopes are presented. When assessing protein
structures using in silico tools, SpyAD showed increased alpha helical conformation
compared to TT which may impact GAC polymer extension. However, such theories
cannot be proven based on this work due to the limited number of reactions
performed, and minor difference in anti-polysaccharide titres. Rather such
observations may be due to batch to batch variations between reactions®*® and
preparation composition, rather than the physiochemical properties of the
conjugation components themselves. These confounding factors should be further
explored to determine consistency between conjugation reactions in future studies

through more accurate ratio quantification.

In addition to anti-GAC antibody titres, assessing whether GAS antigen SpyAD was
an efficient carrier for GAC, it was also of interest to determine whether conjugation
improves the overall glycoconjugate immunogenicity. This was through determining
GAS specific anti-protein antibody responses. High anti-SpyAD IgG titres were
observed in both test and terminal sera with a boosting effect with each SpyAD-
GAC immunisation. A previous study chemically conjugating GAC to SpyAD using
random derivatisation and activation along the entire GAC chain generated
glycoconjugates with an alternative “mesh-like” structure*'*. This vaccine generated
lower anti-SpyAD protein antibodies following conjugation than a comparable dose
of SpyAD protein alone*', likely due to heavy polysaccharide decoration masking
protein specific B cell epitopes. This observation gives merit to less disruptive
conjugation approaches forming “sun-like” glycoconjugate structures, specifically for
‘double hit’ glycoconjugates, preventing shielding of immune epitopes, and
disruption to protein structure and conformation. The SpyAD-GAC glycoconjugate
generated in this work was able to present vaccine components in such
conformations to allow the generation of specific antibodies capable of recognising
the native protein. This strongly suggests that it is important to select conjugation

chemistry suitable to preserve its role as a B cell epitope carrier, as well as induce
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its own protein directed immune response. However, such “sun-like” conjugation
methods may reduce overall polysaccharide attachment due to limiting the region of
the chain which is activated and available for attachment*’. It may therefore not be
suitable for polysaccharides which are difficult to activate and target without
chemical modification, or those that require specific conformations to stimulate
strong immune responses. Calculated conjugate ratios suggest a good level of
polysaccharide decoration for TT-GAC and SpyAD-GAC using terminal linkage,
however based on the modest anti-polysaccharide titres the position and structure

of the polysaccharide chains in relation to protein may not have been optimal.

Antibody titres are only meaningful if they convey functional immunity. Towards this
within the time constraints of this project, antibody function was assessed by in vitro
assays comparing terminal immune sera from SpyAD-GAC and TT-GAC
immunisations. SpyAD-GAC terminal sera showed superior antibody function
compared to TT-GAC immune sera. This was predicted to be due to the additional
immunological valency generated from presenting the immune system with two
antigens in SpyAD-GAC absent in TT-GAC glycoconjugate. However, sera following
immunisation with SpyAD protein alone also demonstrated killing by
opsonophagocytosis to a similar level as SpyAD-GAC antiserum when normalised
according to anti-SpyAD antibody titres. This level of GAS Kkilling was found to be
comparable to a study immunising rabbits with other SpyAD chemical
glycoconjugates*'?, however, suggests that anti-SpyAD antibodies are contributing
more than anti-GAC antibodies to opsonophagocytic killing. This is complimented by
the lack of significant GAS killing observed with incubation of TT-GAC or CRMig7-
GAC positive control immune sera, despite the latter having the highest anti-GAC
IgG titres of all tested glycoconjugates and presence of antibodies capable of
binding to GAS cell surfaces. A number of studies have encountered difficulties in
observing killing attributable to anti-GAC mouse sera. This therefore justifies the use
of ‘double hit’ vaccines as the anti-protein response may be more significant
towards killing activity, as well as making use of other animals such as rabbits which

are capable of generating higher titres of opsonic anti-GAC antibodies!4+412,

A major limitation to this analysis is that SpyAD-GAC preparations also contain
unconjugated SpyAD protein capable of generating its own anti-protein response in
addition to the glycoconjugate molecules. The presence of unconjugated SpyAD
may be the cause of the relatively low anti-GAC antibody titres due to expansion of
protein specific B cell populations, discussed further below in section 5.5.2 in the

context of TT containing glycoconjugates. The total SpyAD protein in both
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conjugated and unconjugated forms when immunising with 2 pg of GAC in the
glycoconjugate sample was calculated to be 2.15 ug per 200 pl dose, which is
approximately 20-fold lower than the 20 ug dose used to immunise mice with protein
antigens only. Therefore, antibodies against the protein component of the
glycoconjugate, as well as antibodies against unconjugated protein may be
contributing to the antibody function. However, future studies would benefit from
immunising with more highly purified glycoconjugate samples, to remove

unconjugated protein, and assess the generated immune responses more clearly.

5.5.2. Immune Response to Chemical Glycoconjugate Vaccines — TT-GAC
and TT-GAS Rha

As previously described, the GIcNAc on GAC has been implicated in autoimmune

responses to GAS infection. Such antibodies do not recognise the rhamnose
component of GAC?%9649.650 therefore, the evaluation of rhamnose polymers as
alternative antigens to aid safe vaccine manufacture have been long

recognised41412:416

The presented work investigated the immunogenicity of modified GAC which does
not contain GIcNAc epitopes and went further to compare with wildtype GAC
conjugates. This was initially tested in the form of GAS_Rha extracted from mutant
GAS cells, conjugated in the same manner as WT GAC to classical carrier protein
TT. The TT-GAS_Rha glycoconjugate vaccine appeared not to be immunogenic in
this study, with all mouse test and terminal sera not found to contain anti-GAC
antibodies significantly above negative control levels (Alum adjuvant). TT-GAS_Rha
sera also showed limited binding to M1 GAS NCTC 8189 cell surfaces.

Conjugate ratios could be calculated for TT-GAC and TT-GAS_Rha based on
quantification following immunoprecipitation of unconjugated TT. TT-GAS_Rha
showed less polysaccharide decoration at 1 : 6.81 m/m, compared to TT-GAC at 1 :
9.72 m/m, TT to polysaccharide molecules. Lower polysaccharide decoration of TT
with GAS_Rha compared to WT GAC may have been responsible for the lack of
immunogenicity. Additionally, polysaccharide compositional differences may also
have been responsible. For example, prior to conjugation, purified GAS_Rha
polymers were found to have a lower mass of ~ 4.9 kDa relating to loss of side
chains as well as fewer repeating unit reducing the overall polymer size, limiting the
number of available epitopes for immune stimulation. GAS_Rha polymers also do
not contain the immunodominant GIcNAc residues, resulting in the loss of the

binding conformation groove, thought to be important in antibody generation and
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recognition'#4442443 This theory is also complimented by a recent study finding the
branching point within WT GAC repeating unit to be important*6, However,
interestingly the identity of the monosaccharide located at this branching point does
not necessarily need to be a GIcNAc residue, highlighting recognition of structure

rather than monosaccharide identity41®.

The apparent lack of immunogenicity generated by rhamnose containing polymers
in TT-GAS_Rha glycoconjugate is dissimilar to studies in the literature. One study
used GAS derived rhamnose polymers conjugated to a recombinant pneumococcal
protein!*!, They demonstrated robust immune responses capable of WT GAC
recognition, binding to a number of disease-associated GAS isolates, as well as
inducing GAS bacterial killing following 5 immunisations (10 — 20 pg/dose) in a
rabbit animal model. Another, more relevant study immunising with glycoconjugates
containing rhamnose polymers attached to GAS antigen SpyAD, had a similar
regime to this work with 3 immunisations at a slightly higher dose of 5 ug of
polysaccharide, also in a rabbit model**?. This group did not numerically quantify
generated anti-GAC titres, and rather showed functionality by WT GAS cell binding
of glycoconjugate antisera to a variety of isolates*'?. This may have therefore been
mediated by anti-SpyAD rather than anti-GAC antibodies. Additionally, both studies
likely used rabbits to generate more opsonophagocytic antibodies compared to

mouse sera as shown for a Pseudomonas aeruginosa glycoconjugate®s.

A major limitation to this work generally was the inability to remove unconjugated
protein from glycoconjugate preparations used in immunisations. Limited
immunogenicity was therefore likely related to high levels of unconjugated protein
directing immune responses towards the carrier protein rather than the
polysaccharide. This has been shown experimentally with high protein
concentrations at required polysaccharide doses possibly resulting in limited
accessibility to polysaccharide specific B cell epitopes for efficient antibody
generation*’3. Specifically, this phenomenon has been observed in a study
assessing the immunogenicity of pertussis-diphtheria-tetanus (DTaP) components
administered alone and in combination with Hib glycoconjugate vaccine. The study
found reduced anti-polysaccharide responses when co-immunising Hib
glycoconjugate with the TT component of DTaP*®2. In this instance this effect was
thought to be due to TT overloading, interfering with polysaccharide binding to B
cells. This effect can also be mediated by competition for T cell help following
antigen processing by B cells specific for carrier protein epitopes and B cells

specific for polysaccharide epitopes. This leads to suppression of anti-
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polysaccharide responses, due to the clonal expansion of carrier protein specific B
cells*’3, Such clonal dominance and expansion through intra-molecular antigenic
competition decreases the probability of polysaccharide specific B cells interacting

with antigen, and has been observed particularly with TT immunisation*’3,

These theories may explain the lower-than-expected anti-polysaccharide responses
of TT-GAC and TT-GAS_Rha compared to highly purified positive control
glycoconjugate, GAC-CRMsg7 which does not contain unconjugated protein. TT-
GAC and TT-GAS_Rha showed high anti-TT carrier protein antibodies in both test
and terminal sera, with TT-GAS_Rha having ~ 10-fold higher anti-TT antibodies
than TT-GAC after the second immunisation. This observation links with the
unconjugated TT concentration separated and determined by immunoprecipitation
ELISA quantification. TT-GAS-Rha had a higher concentration of unconjugated TT
protein in the preparation. In a 2 ug polysaccharide dose there was 0.6 ug/ml
unconjugated TT (equivalent to 16 % total protein) in TT-GAC and 3.8 ug/ml
unconjugated TT (28 % total protein) in TT-GAS_Rha preparations. Therefore,
based on unconjugated TT concentrations and GAS_Rha’s smaller molecular mass,
it was likely that TT-GAS_Rha contained more accessible TT (both conjugated and
unconjugated) compared to TT-GAC. Taking this into account, it is plausible that the
presence of dominant anti-TT immune responses, leading to the clonal expansion of
B cells recognising TT, may have masked any potential small B cell response to

GAS_Rha in the current experimental setup.

5.5.3. Immune Response to Bioconjugate Vaccine — NanA-rpORha

Similar to TT-GAS_Rha, NanA-rpORha bioconjugate containing rhamnose
polymers, also failed to induce an anti-GAC IgG response above Alum background,
with no boosting effects observed after each immunisation. For both NanA-rpORha
and TT-GAS_Rha polysaccharide chain lengths were predicted to be short based
on western blot and SEC-MALS analysis respectively. Shorter chain lengths may
therefore reduce the density of accessible B cell epitopes, hindered by the lack of

structural branching points within the repeating units as discussed previously.

Studies have found the minimal immunogenic epitope displaying the required
structural motifs to induce anti-GAC antibodies to be a hexasaccharide polymer,
equating to two repeating units (Rha-Rha-GIcNAc)**°. Analysis of glycoconjugates in
this work failed to assign molar masses, and therefore did not provide
polysaccharide chain length information to aid immunogenicity understanding. In

theory however all investigated polysaccharides, either GAS or E. coli derived
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should have provided at least a minimal epitope in terms of chain length. Chain
length beyond the minimal epitope is thought to influence the magnitude of immune
response to a certain extent, with one study showing a synthetic dodecasaccharide,
equating to four trisaccharide GAC repeating units was required to generate
antibody titres equivalent to purified native GAC*. Despite this, increased
polysaccharide chain length does not always correlate with increased
immunogenicity. For example, one study found the inclusion of WT trisaccharide
GAC polysaccharide generated elevated anti-GAC antibodies than corresponding
hexa- and nona-saccharide glycoconjugates attached to a variety of protein
carriers*’. This however was not the case when assessing the immunogenicity of
rhamnose only polysaccharides attached to a lipid-core peptide, showing that
increasing the number of rhamnose residues in the immunogenic epitope improved
immunogenicity**®. An optimal immunogenic epitope relating to chain length and
polysaccharide identity is therefore hard to determine, with the latter study
investigating the immunogenicity of a single repeating unit**’ compared to a polymer
consisting of multiple repeating units®*. This is an area of future study important to
decipher the relationship between polysaccharide structural properties and resulting

polysaccharide specific antibody production.

NanA-rpORha had a total molar ratio of 1 : 4.05 (m/m) NanA to rpORha molecules,
based on the protein value accounting for both conjugated and unconjugated NanA.
The total molar ratio for NanA-rpORha conjugation components is unlikely to be
accurate given that a single NanA molecule can only be targeted in two places
where the glycotags are positioned. This may be due to detection of contaminating
endotoxin by anthrone polysaccharide determination. Based on western blotting it
was unclear whether both sites were occupied with rpORha polymers, and SEC-
MALS could not be conducted on conjugate samples due to material constraints.
Therefore, the actual size of polymers on the final glycoconjugate is only
hypothesised based on expression data in the absence of proteins and may be
different for the conjugate. Regardless, the optimal number of glycotags and precise
protein attachment sites related to bioconjugation yields and resulting
immunogenicity remains unclear, however efficiency has been shown to vary
depending on glycotag location®®3. This work only investigated glycotags added to
protein termini similar to other studies®®’, however it may be beneficial to place
glycotags within protein loops to encourage attachment within the protein itself>®4.
This may produce heavily glycosylated products®*, which may be beneficial to

create more potent immunogens, and vaccines which physically look similar to
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chemical glycoconjugates. Such approaches may be beneficial if the poor
immunogenicity generated from NanA-rpORha was related to sub-optimal glycotag
positioning within regions of the NanA protein which are distant to useful epitopes

for antigen processing by B cells.

Compared to TT-GAS_Rha antisera, slightly improved GAS cell binding was
observed with NanA-rpORha antisera, despite both rhamnose containing
glycoconjugates not generating anti-GAC titres above baseline. Such differences in
GAS cell binding may be associated with the inclusion of streptococcal protein
carrier in NanA-rpORha bioconjugate, absent in TT-GAS_Rha chemical
glycoconjugate. The colonisation factor NanA protein is natively involved in
adherence to epithelial and nasopharyngeal cells®®, as well as biofilm formation®®
for S. pneumoniae. NanA has been shown to possess a catalytic domain located at
the C terminal, and a lectin like domain at the N terminal involved in binding
endothelial cell surface receptors®®. In this work NanA-rpORha contains the lectin
like domain of NanA only, which may share antigenic epitopes with proteins on the
surface of GAS cells. Although BLAST analysis failed to show any significant
similarities between NanA and the GAS genome, functional redundancy and
similarities between protein extracellular matrix binding domains have been
observed. For example PavA fibronectin binding pneumococcal protein displays
high similarity to GAS adhesin FBP54%7, so this may be possible with NanA
epitopes. This would therefore explain the apparent slight improved antibody affinity
for GAS cell bacterial binding through the generation of assumed anti-protein

antibody responses, although not numerically quantified in this work.

5.5.4. Additional Functional Immunological Analysis of Glycoconjugate

Vaccines
This Chapter also investigated opsonophagocytic killing, as opsonic antibodies
against M proteins that mediate phagocytic uptake are thought to be a potential
human correlate of protection in serotype-specific immunity3*®, and demonstrate
protection against symptomatic pharyngitis®®®. Additionally, the GAS vaccine
development roadmap states the requirement of high-throughput assays to measure
functional opsonic antibodies to assess effectiveness®®. As discussed, the best
GAS cell killing was observed for SpyAD-GAC glycoconjugate antisera despite
having lower anti-GAC titres compared to TT-GAC glycoconjugate antisera. This is

thought to be mediated primarily by protein specific antibodies.
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The overall low immune response coupled with time and material constraints meant
that further characterisation of the immunogenicity generated by these
glycoconjugate vaccine candidates was not investigated. However, characterisation
of the quality of the immune response elicited would be of use to better understand
glycoconjugate mechanism of action. For example, T cell helper activity, important
in the overall immune response, is believed to be dependent on the nature of the
polysaccharide antigen as well as the carrier protein®®. T helper responses can
themselves be evaluated indirectly by assessing IgG subclasses, such as IgG1 and
IgG2a which can indicate Th1/2 type responses. For example, vaccines containing
synthetic or WT GAC conjugated to CRM197*%° or Generalised Modules for
Membrane Antigens (GMMA)®® formulated with Alum have been shown to induce
predominantly IgG1 antibodies suggesting a Th2 response. Th2 responses appear
to be consistent with Alum adjuvant®°%6! and therefore may have been observed
as the predominant subclass following immunisation with glycoconjugates
formulated with Alum in this study. Alternative adjuvants may improve the response
to GAC, as seen for numerous GAS protein antigens®®’, and should be further

explored.

Another approach to investigate B and T cell responses is the use of nude mice
devoid of T cells in glycoconjugate immunisations. This approach has been applied
to GAS vaccines, used for immunisation with GMMA containing GAC, discussed as
alternative antigens in the overall discission®?2. This particular study found that both
B and T cell activity is necessary for strong humoral responses towards GAC®2,
Additionally, nude mice have also been used to show that different mechanisms of
presentation, specifically polysaccharide structure and chain length dictating the
dominance of T cell responses. For example, based on a S. Typhi capsule
containing glycoconjugate, shorter polysaccharide antigens appear to require more
T cell help for robust immune stimulation compared to glycoconjugates containing
longer polysaccharide antigens®®. Such T cell activity is important in immune
response magnitude and duration, as without T cell effects apoptosis and depletion
of polysaccharide-specific B cells in the spleen and bone marrow can occur, leading
to hyporesponsiveness®®2. Such impact of polysaccharide size on B and T cell
interactions is known to be antigen-specific*®4¢’, requiring future studies to focus on
deciphering the best protein carrier to induce T cell activity and enable GAC
directed memory responses. This may entail measuring memory T cell response in
spleen proliferation assays by pre-incubating cells with the carrier protein and

measure proliferation.
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In addition to nude mice, enzyme-linked immunospot (ELISPOT) assays are useful
for assessing cytokine levels as an indirect measurement of T cell helper function.
This approach proved useful in the discovery glycopeptide presentation by B cells
for recognition with polysaccharide-specific CD4* T cell clones through IL-2 / -4
generation*®, This approach therefore showed CD4* T cell expansion recognising
the polysaccharide portion of the glycoconjugate, absent in protein carriers alone. It
may therefore have been useful to quantify IL-2/4 cytokine levels following
immunisation to assess the relationship between anti-GAC IgG titres and induction

of T cell helper responses for these glycoconjugate candidates.

Once immune response mechanisms have been fully characterised, antibody
function linked to clinical efficacy is important for testing. Efficacy targets based on
the GAS vaccine roadmap are the reduction of pharyngitis and skin infections, due
to associated difficulties in demonstrating vaccine efficacy against RHD®®. Towards
this aim, despite no representative animal model, studies testing pre-clinical GAS
vaccine candidates have made use of non-human primates to recapitulate human
pharyngeal infection*34664€65 as well as other animal models*?2666.657 1o aid selection
of efficacious vaccine candidates. Additionally, to accelerate vaccine licensure,
controlled human infection models (CHIMS) are being developed to overcome the
limited applicability of animal models, and bridge the gap between animal and
human GAS immune responses®8. Although a lengthy process, such models and
correlate of protection testing are imperative towards human safety and efficacy

testing for preclinical vaccines to make it to market.

5.5.5. Vaccine Safety Testing

A requirement, additional to characterising immune responses, is to test for
autoreactive vaccine induced antibodies, as stated in the GAS vaccine roadmap®®.
Studies to date have confirmed no observed autoimmune antibodies generated after
vaccination with modified GAC polymers devoid of GIcNAc residues*!412, However,
interestingly, neither have such antibodies been observed for WT GAC containing
glycoconjugate vaccines'*°, which may be immunologically more beneficial to
encourage native recognition of circulating GAS isolates. Such testing has
investigated antibody cross reactivity with human tissues such as heart, brain,
kidney and liver, or more specifically cytoskeletal proteins present in mammalian
tissue using ELISA and immunofluorescence#. This can also be achieved more
simply through incubating antisera with human heart and brain lysates for western
blot analysis*'2. Since this work was proof of concept and associated with generally

low anti-GAC antibody titres, the generation of autoimmune antibodies was not
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tested. However, it is likely such testing will be required for the eventual
development and licensure of any GAS specific vaccine, especially those containing

polysaccharide antigens.

5.6. Summary

This Chapter investigated the immune response generated in mice following three
subcutaneous immunisations with glycoconjugate vaccines manufactured using
chemical and biological conjugation methodologies. Immune sera were tested by
determining anti-polysaccharide serum IgG antibody titres for all groups, and anti-
protein serum IgG antibody titres for three groups immunised with different
glycoconjugate vaccines, specifically TT-GAC, TT-GAS_Rha, and SpyAD-GAC. TT-
GAC was the only test glycoconjugate able to generate both significant anti-
polysaccharide and anti-protein directed responses, whereas SpyAD-GAC showed
strong anti-protein response without significant anti-polysaccharide antibody
generation. Rhamnose polysaccharide antigens (GAS_Rha and rpORha) failed to
show any polysaccharide directed immune responses regardless of protein carrier.
Serum antibody function was also assessed through GAS cell surface binding and
opsonophagocytosis killing. SpyAD-GAC was the only test glycoconjugate able to
show a functional immune response through GAS killing, mediated by SpyAD
protein directed antibodies, supporting the investigation of ‘double hit’
glycoconjugate vaccines. This study among others has somewhat contributed to the
understanding of the mechanisms underlying the immune responses to GAS
specific glycoconjugates, providing a novel example of the comparison of WT GAC
and rhamnose polysaccharide antigens. However, further immune response
characterisation, and in-depth studies to understand the effect of glycoconjugate
physiochemical properties and attachment methods related to immunogenicity is

crucial for the future production of knowledge-based glycoconjugate vaccines.
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CHAPTER 6

Overall Discussion

6.1. Broad Themes and Thesis Scope

Glycoconjugate vaccines are safe and efficacious, minimising the disease burden
from bacterial infections*6265°-671 Their success dates back over 40 years, but the
full potential of glycoconjugate vaccinology remains to be fully exploited. Practically
the development of new glycoconjugate vaccines is challenging®’2€73, often
impeded by conflicting evidence on optimal vaccine components and production
methods. This study, generating novel glycoconjugate vaccine candidates, using
two distinct conjugation methodologies, is important towards the generation of a
desperately needed Group A Streptococcus (GAS) vaccine. The following Chapter
presents the main conclusions of the thesis, as well as discussing remaining

questions and areas of further study.

6.1.1. ldentifying Novel Immunogenic Antigens for Glycoconjugate Vaccine

Inclusion
The focus on ‘double hit’ glycoconjugate vaccines is an exciting development in the
field of vaccinology. Until recently the main focus of GAS glycoconjugates included
classical protein carriers only, generating opsonic anti-GAC antibodies!*®, aiming to
reduce nasopharynx colonisation in humans*®®. GAC related polysaccharides
without GIcNAc sidechains have also been investigated as alternative
antigens'#412, Determining whether rhamnose polymers are feasible alternative
antigens to wildtype GAC, may have wider implications for not only vaccine safety
but also antibody cross reactivity with other streptococcal species. This is due to
similarities in polysaccharide biosynthetic pathways in other bacteria'®?, and cross
reactivity of anti-GAC antibodies with rare Streptococcal group C variant strains
such as Streptococcus dysgalactiae subsp. Equisimilis®’4¢7° in addition to
Streptococcus castoreus, a Group A bacterium isolated from beavers®’®. Both
wildtype and modified GAC (GAS_Rha) variants tested in this work showed
differences in their physiochemical properties and immune characteristics.
Specifically, western blots showed GAS_Rha is antigenic, however, in the current
experimental set up GAS_Rha did not appear to be immunogenic, with wildtype
GAC generating higher serum IgG responses, and improved GAS cell surface
binding, compared to modified rhamnose (GAS_Rha / rpORha) when included in

glycoconjugate preparations.
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The approach in this thesis compared a classic carrier protein (TT) to species
specific carrier proteins forming a ‘double hit’ glycoconjugate vaccine. The aim was
to improve immune responses against GAC through inclusion of species-specific
protein antigens. This led to the selection of GAS proteins MalE, SpyCEP and
SpyAD, based on their own favourable immunogenicity and physiochemical
properties for polysaccharide attachment. As expected, some differences were
observed such as immunogenicity profiles, with SpyAD and SpyCEP generating
strong anti-protein IgG titres compared to MalE. SpyAD protein directed immune
responses were shown to be functional, with no loss of GAS killing activity following
conjugation of SpyAD to GAC. SpyAD was able to generate a modest anti-GAC IgG
response following chemical conjugation, similar to but less significant than TT-GAC
compared with Alum controls. Although various reaction conditions were tested
glycoconjugates could not be obtained for all selected protein carriers. This
demonstrates that although protein candidates showed promising immunogenicity,
not all proteins are suitable for conjugation despite predicted favourable properties.
Protein stability and reactivity, especially for bioconjugation, likely rendered MalE
and the SpyCEP fragment tested here as unsuitable candidates for glycoconjugate
building.

6.1.2. Overall Glycoconjugate Structure and Immunogenicity from Different

Manufacturing Methods

This interesting study is unique comparing two distinct conjugation methods which
has not previously been attempted to our knowledge for any pathogen or vaccine.
Many previous chemical linkage methods have yielded “mesh-like” glycoconjugates,
such as TT attached to large polysaccharides®?’. With respect to a GAS vaccine,
GAC polymers are smaller in size compared to other polysaccharides such as Hib
and Neisseria meningitidis group C capsules in licenced glycoconjugates®”’.
Although the linkage method was different for chemical and enzymatic conjugation
both methods here required minimal modification of GAC and proteins. Both
methods encouraged polysaccharide attachment to protein carriers through the
terminal monosaccharide, predicted to present the polymer in “sun-like” structures.
Based on a previous study, conjugating GAC to CRM197, “mesh-like” structures were
superior to “sun-like” structures for an anti-GAC response but was inferior and
masked protein directed immune responses for ‘double hit’ targets*'!. The aim was
therefore to preserve immunogenic B cell epitopes along the entire polysaccharide
chain length, as well as B and T cell epitopes on protein carriers, important for the

immunogenicity of ‘double hit’ glycoconjugates.
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Although both methods here produce “sun-like” conjugates, the decoration location
and level of polysaccharide attachment was predicted to be different between
methods. EDC chemical conjugation targeted abundant surface exposed lysine
residues, but the quantity exposed varies substantially between proteins due to size
and folding. Therefore, although highly reactive, the attachment point of a particular
lysine is difficult to control leading to random attachment and heterogenous
glycoconjugate populations*°®¢78, Bioconjugate vaccines meanwhile are more
defined due to the specific introduction of glycotags, enabling terminal targeting by
recombinant polysaccharides. Such site-specific attachment is thought to overcome
batch to batch variation, and the complicated and often costly manufacturing and

purification steps attributable to chemical conjugation reactions®7¢8°,

From a consistency perspective more defined and characterised vaccines such as
bioconjugates are also attractive candidates. Therefore approaches to more closely
control chemical conjugation reactions such as modification and unnatural amino
acid incorporation®81:682 as well as introduction of targetable linkers to modify
exposing chemical groups (e.g. hydrazides, maleimides, azides, alkynes)®*® have
also been investigated. This is in addition to synthetic polysaccharide antigens with
defined chain lengths, and reducing end compositions to yield more defined antigen
populations®38583 Conversely, the heterogenicity of bioconjugates has also been
investigated, thought to be superior in some instances due to providing the immune
system with multiple epitope presentations. This has been achieved more simply
through cloning carrier proteins to contain multiple glycotags, at the peptide
terminal, as well as within the structure to produce heavily glycosylated proteins®,
In these instances, more heterogenous bioconjugate populations may be observed,
similar to chemical glycoconjugates, due to conformational preference for particular
glycotags over other glycotags depending on the position within the protein

structure.

A fuller understanding of antigen specific immunogenicity, relating to overall
glycoconjugate structure is required before determining whether heterogenous or
homogenous vaccine preparations are preferred. Effective immune stimulation
requires preservation of B cell epitopes for recognition of native antigen by B cells
for polysaccharide and protein carrier directed responses, which may be different
with defined and more random heterogenous preparations®’’. Licenced chemical
glycoconjugate vaccines have shown that random heterogenous populations
produce effective and protective polysaccharide immune responses®84-58, Yet

homogenous site specific vaccines containing recombinant polysaccharides have
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also been shown to be effective in clinical trials*3548¢87 Greater characterisation of
structure—immunogenicity relationships resulting from different conjugation
manufacturing methods is necessary to fully understand molecular and cellular
immune mechanisms critical for vaccine efficacy. Future attempts should therefore
aim to produce like-for-like combinations of protein and polysaccharide antigens, not
possible in the current thesis timeframe, to enable better comparisons between

manufacturing methods.

6.1.3. Limitations of Glycoconjugate Production

All tested glycoconjugate vaccines would have benefited from further purification to
remove unconjugated protein and any potential remaining polysaccharide.
Separation would aid physicochemical analysis to accurately size glycoconjugates,
determine true conjugate polysaccharide to protein ratios, as well as assess
whether a boost in anti-polysaccharide immune responses could be observed when
limiting interfering anti-protein responses. Improved yields could have enabled
investigation of preparative and analytical size exclusion chromatography (SEC) to
separate distinct populations containing glycoconjugate molecules from
unconjugated protein. In this study using analytical SEC it was possible to show
differences in retention times for chemical glycoconjugates SpyAD-GAC and TT-
GAS_Rha, suggesting differences in hydrodynamic radii. However, such differences
could not be seen for TT-GAC nor NanA-rpORha. Differences in physiochemical
properties, specifically hydrophobicity could be demonstrated for TT-GAC, however
limited data could be obtained for NanA-rpORha characterisation due to an inability
to obtain stable baselines. Such accurate size determination of the bioconjugate
was thought to have been impacted by potential carry over of contaminants from the
E. coli host cells such as lipopolysaccharide. This was also a general observation
for other physicochemical analysis attempted such as H-PAD which was possible
for chemical glycoconjugates and their components but not for bioconjugate
characterisation. It therefore appears that the current experimental setup, including
the selected E. coli host strain and purification methods for bioconjugate assembly
could not yield concentrated samples pure enough for accurate downstream

analysis.

6.2. A Preferred Glycoconjugate Manufacturing Method

This work shows for the first time that both glycoconjugate production methods can
be applied successfully to GAS antigens, but some general practical limitations

were shared by both methods. These included low reactant and product yields
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placing constraint on reaction conditions, downstream purification testing, and
immunogenicity analysis. For example, for chemical conjugation reactions the
concentration of extracted and purified GAC, GAS_Rha and recombinant GAS
protein antigens reduced the scalability of reactions for testing. Similarly, although
the need for independent polysaccharide and protein extraction and purification was
negated with bioconjugation, scalability issues were also observed with poor NanA-
rpORha product yields despite large bacterial culture volumes. This limited the
downstream analyses such as physiochemical characterisation, as well as
purification testing to remove unconjugated components, a predicted key limitation
for lower-than-expected immunogenicity profiles. For both methods there were
issues with protein antigen compatibility, either due to instability for chemical

conjugation or glycotags being potentially obscured for biological conjugation.

From the perspective of difficulties in downstream analysis mentioned previously
biological conjugation appeared to be logistically more difficult to achieve, producing
a smaller panel of bioconjugates from the selected component combinations (i.e.
NanA-rpORha only). This may be expected given that the technology is in its
infancy, with all testing and application to GAS vaccine development completely
novel. This is compared to chemical conjugation which has been carried out
routinely in currently licenced glycoconjugate vaccines, as well as preclinical GAS
specific glycoconjugate vaccine studies3®:141:499411 Chemical conjugation methods
in this work provided a larger panel of vaccines for testing, demonstrating better
compatibility of conjugation components. It also enabled direct immunological
differences to be observed, with TT-GAC giving the best anti-polysaccharide
response compared to TT-GAS_Rha and the SpyAD-GAC ‘double hit’

glycoconjugate after three immunisations.

Despite being a relatively new vaccinology tool, further optimisation of
polysaccharide antigens related to enzyme requirements and condition testing holds
promise for bioconjugation technology. Such developments could reduce vaccine
manufacturing costs as an important consideration in the development of a GAS
vaccine where disease burdens are greatest in low- and middle-income countries
(LMICs). Additionally, bioconjugation offers the opportunity of tailor-made and
rationally designed vaccine candidates that can be quickly assembled and tested.
The other advantage is that once tested the cloned vaccines production is
consistent, negating the need to extract and purify each component as is the case
for chemical conjugation. Therefore, although based on this work and the selected

antigens for testing, chemical linkage appears to be the preferred manufacturing

222



method, bioconjugation has the potential to be not only a valid alternative, but also

offer a superior manufacturing method.

6.3. Future Perspectives and Remaining Questions

6.3.1. Current Limitations to Glycoconjugate Vaccine Analysis

Work in this thesis has contributed not only to the understanding of glycoconjugate
manufacturing, but also the GAS vaccine research field more generally. Tested
vaccine components have not previously been conjugated chemically using EDC.
Neither have GAC derived polymers and GAS antigens been tested in
bioconjugation technology. MalE and SpyCEP protein antigens, which although did
not show conjugation with either method, provided some insight into PgIB reaction
requirements. The panel of three antigens provided a good starting point, however,
a general study restraint is related to the limited capability to test component
compatibility. The vaccinology field more widely would benefit from high throughput
reliable testing of vaccine components to identify the most optimal and compatible
antigen candidates. Reverse vaccinology approaches have been adopted
successfully for antigen selection3%®, as well as recently Design of Experiment (DoE)
for finding optimal conjugation conditions**. A combinational approach may be most
appropriate for obtaining optimal glycoconjugate yields containing the most

compatible and immune stimulating antigens.

Successful antigen investigation is also dependent on improved general
glycoconjugate characterisation methods. This is to assess compatibility and
physicochemical properties, important in determining consistent manufacturing and
vaccine stability®*®. The field has seen some improvements in glycoconjugate
physicochemical analysis in recent years, such as high-field NMR, particle-size
distribution analyses, and cryo-electron microscopy to reveal glycoconjugate
structural details®?®. However, due to their nature characterisation can be
challenging and a wider breadth of analytical tools are necessary. Challenges are
often encountered due to heterogenous populations composed of two or more
distinct antigens, with different properties attributable to protein and
polysaccharides. This study used a variety of analytical methods stated in Appendix
Table 7.4 for glycoconjugate property analysis. For example, for the polysaccharide
component, HPLC sizing methods with different detectors, as well as H-PAD for
guantification, and NMR for characterisation were used in Chapter 3. However,
information on polysaccharide epitope mapping, glycoconjugate molecular weight,

and vaccine conformations could not be obtained. Such challenges are faced more
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generally when studying the glycome, as well as glycoconjugate vaccine
manufacture®?8, Specifically in this work data generation was hindered by low
product yields and the inability to remove unconjugated protein species, and

bioconjugate contaminants interfering with analysis.

To overcome this obstacle new technologies and scientific techniques are required
to further analyse vaccine components and glycoconjugate molecules, to determine
properties such as unconjugated and glycosylation levels. Further analysis could
include mass spectrometry analysis to correlate polysaccharide composition with
glycosylation site to further understand structure — function relationships®8-6%,
Sensitivity and selectivity can also be improved with matrix-assisted laser
desorption ionisation (MALDI) with time-of-flight (TOF) analyser to determine
glycoconjugate molecular weights®®, component ratios®®?, as well as glycosylation
site attachment®®. Such approaches are in addition to high pressure liquid
chromatography techniques, which are also useful in glycoconjugate vaccine quality
and stability analysis, particularly through size and conformation determinations®%*+
6%, Likely a combination of techniques will be necessary for a true understanding of
structure and how it relates to immunogenicity, to inform future glycoconjugate

design and production more generally.

6.3.2. Glycoconjugate Antigen Inclusion Towards Clinical Efficacy Targets.

The overall goal of a GAS vaccine is to reduce GAS pharyngitis and skin infections,
as set out by the World Health Organisation’s (WHQO) roadmap®. Vaccine efficacy
testing should work towards these clinical endpoints, determining not only optimal
vaccine components and characterisation to achieve this, but also assessment of
vaccine immunogenicity. Chapter 5 showed immunological differences in the tested
glycoconjugate vaccines, as well as variability in polysaccharide specific 1gG titres
between individual mice, even with immunisation with the positive control
glycoconjugate (GAC-CRMaiy7). Future studies may therefore benefit from
investigating optimal dosing regimens, with new administration routes and effective

adjuvants, aiming to improve anti-polysaccharide responses.

This work showed worth in the investigation of ‘double hit’ glycoconjugate vaccines
through SpyAD generated anti-protein responses demonstrating antibody function
through GAS cell killing and GAS cell surface binding by flow cytometry. The
antibody function from including SpyAD had benefits over TT inclusion through the
anti-protein response. Further testing of a widened panel of GAS protein antigens

will benefit future investigations as discussed. From an immunogenicity perspective,
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given the target clinical endpoints, GAS proteins involved in initial host colonisation
and adhesion to cells may be better suited than those implicated in systemic GAS
infection which occurs later in host - pathogen interactions. Additionally, the work of
others has shown SpyAD conjugated to rhamnose polysaccharide provided minimal
protection until combined with other protein antigens (e.g. SLO and C5a peptidase)
in a multicomponent formulation*'2, Therefore, the focus should be on carriers to
provide most optimal anti-polysaccharide responses whilst retaining protein
antibodies, as other proteins can be included in the formulation for general broader
GAS strain protection. This also needs to be considered in terms of the practicalities
of using such proteins in the manufacturing process, as this work demonstrated that
specific conjugation conditions are not suitable for all proteins tested. Specifically,
MalE and SpyCEP proteins appeared to be less suited to both chemical and
bioconjugation methods, with MalE also showing less favourable immunogenicity

profiles.

A greater understanding of what constitutes a good carrier protein is therefore
required from both a physicochemical and robust immunogenicity perspective. This
will require a deeper understanding of B and T cell activity following immunisation to
determine how protein carrier properties relates to favourable vaccine efficacy.
Specifically, it is still unclear whether polysaccharide-specific and carrier-specific T
cell clones expand following antigen presentation and processing by B cells. It is
also unclear whether small peptides or rather glycopeptide fragments are presented
to T cells for glycoconjugates containing GAC. Glycoconjugate vaccines containing
S. Typhi Vi, and Hib polysaccharides conjugated to CRMi97 demonstrated the
importance of both the peptide and polysaccharide portions for presentation to
induce B - T cell interactions®*®. However, group C N. meningitidis polysaccharide
conjugated to CRMig7 required peptide presentation only for T cell helper
responses®®. This shows that different presentation mechanisms to induce T cell
responses can occur based on polysaccharide structures and possibly conjugation
method. Therefore, the mechanism of GAC containing glycoconjugate presentation
by APCs needs to be further characterised. This will enable not only better
understanding of T cell dependent polysaccharide specific humoral responses, but
also more generally allow the production of knowledge-based GAS glycoconjugate

vaccines with optimal structure — immunogenicity profiles.

6.3.3. Alternative Approaches to Glycoconjugate Vaccines

In recent years novel alternatives to classical protein carriers have been

investigated to generate anti-polysaccharide responses. These have included
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nanoparticles, virus-like particles, liposomes, Outer Membrane Vesicles (OMVSs),
and their derivatives Generalized Modules for Membrane Antigens (GMMA)®’. The
general aim of nanotechnology is to improve overall vaccine efficacy through
optimising antigen delivery, specifically enhancing antigen stability and better APC
targeting®®®%%. Such technologies have provided advantages over classical protein
carriers such as being optimally sized for immune system stimulation, possessing
their own intrinsic innate immunostimulatory properties triggering toll-like
receptors’®7%! as well as favourable B cell activation through presenting multiple
copies of polysaccharide antigens’®. Similar to GAS antigens used as protein
carriers in this work, GMMA and OMVs can also immunologically function as both
the carrier for polysaccharide epitopes as well as an antigen in its own right when
produced from the target organism. They can also be manipulated to express
recombinant proteins on their surface in addition to polysaccharide antigens,
providing the immune system with alternative antigen conformations compared to

traditional glycoconjugates.

Even without a ‘double hit’ nature, they are proving to be effective
immunostimulants and have been investigated as polysaccharide carrier vesicles.
GAC antigen presentation in GAS specific GMMA based vaccine platforms through
GAC terminally linked via chemical agents to oxidised GMMA lipooligosaccharides
have been investigated*’®>. The GAC-GMMA vaccine showed equal and in some
instances boosted anti-polysaccharide immunogenicity when compared to
glycoconjugates containing CRMig7 carrier protein®'®6%° GAS specific
nanotechnology has also shown favourable immunogenicity profiles. For example, a
lipopeptide based vaccine containing a synthetic single repeat unit of GAC
(rhamnose-GIcNAc trisaccharide), forming self-adjuvating lipid-core complexes,
demonstrated opsonic and protective anti-GAC antibodies comparable to subunit
peptide vaccine J8-lipopeptide*'®. Additionally synthetic GAC derived antigens (tetra
and hexa-rhamnose chains) have been conjugated to gold nanoparticles, as an
alternative delivery system, showing favourable antibody binding affinity*'4. Such
alternative vaccine manufacturing approaches will be important to consider in the
future landscape of GAS vaccine development, especially should they prove
superior to proteins to induce T cell help and therefore humoral responses required

for GAS protection.
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6.4. Concluding Remarks

Given the limited number of successful, reliable, and affordable glycoconjugate
production technology platforms, it is of great interest to investigate the suitability of
alternative glycoconjugate vaccine manufacturing approaches. This landmark study
has expanded our understanding of the suitability of GAC related polysaccharides,
as well as GAS protein antigens, relating to the requirements of two distinct
conjugation methodologies. Such work can also be more generally applied to the
ongoing efforts to address the huge global presence and large disease burden
attributable to GAS, for which a vaccine is most desperately needed. Beyond GAS,
vaccines are not available for most bacterial infections. Significantly, the
glycoconjugate vaccine technology described in this thesis could also be applied to

multiple antibiotic resistant bacteria - the slow pandemic.
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