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Preface

A PhD journey is fundamentally one of learning, self-reflection, and exploration.

Six years have passed since I arrived in Sweden. From an early age, I have been
driven by the desire to challenge my limits and refine my thinking around complex
questions. Coming from a humble background, 1 have always believed that
continuous learning is key to charting a path towards broader horizons.

Finishing this thesis evokes a mixture of emotions, marking both the end of one
chapter and the start of another. Throughout this journey, I have pushed myself out
of my comfort zone on numerous occasions. These efforts result in this thesis, which
I am proud to present as a testament to years of hard work and personal growth.

The thesis is structured into three sections: (i) an introduction to the biological
background and the methods applied, (ii) four core papers detailing key findings
and their broader implications, and (iii) an extended discussion offering perspectives
for future directions.

I hope that this work contributes to progress in related fields and provides
encouragement to those defining their own paths. May the insights shared here
become a meaningful addition to collective scientific endeavours and offer
inspiration to those striving to reach their goals.

Di Tang

26" December 2024

Lund, Sweden
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Abstract

Group A Streptococcus (GAS) causes infections ranging from mild sore throats to
severe invasive disease; however, no licensed vaccine is currently available. In this
thesis, the author leverages streptolysin O (SLO), an important GAS protein and
therapeutic/vaccine target, as a model system to develop a multimodal protein mass
spectrometry (MS) strategy. Through an integrated approach of MS-based
proteomics, biochemical assays, and computational modelling, the author reveals
that SLO not only forms pores in cell membranes but also modulates human
fibrinolytic pathways, potentially enhancing bacterial dissemination. Mapping the
immunologically relevant regions (namely epitopes) of SLO reveals a site that can
elicit potent protective immune responses. Building on these insights, the author
constructs a prototype vaccine by multivalently displaying redesigned SLO-derived
epitopes on self-assembling protein nanoparticles, resulting in enhanced immunity
and improved protection in a pilot mouse model. To demonstrate the broader
applicability of this antibody-guided MS workflow, the author extends it to
pneumolysin, a homologous cytolysin from Streptococcus pneumoniae, illustrating
how the same methodologies can decipher epitope-specific correlates of antibody
functionality against other complex bacterial antigens. In summary, this thesis
highlights the potential of an integrated MS-based approach to uncover bacterial
virulence mechanisms, define epitopes of biological relevance, and facilitate data-
driven immunogen design. By combining complementary structural and functional
analyses with the promising epitope-focused vaccine modality, the thesis offers a
practical roadmap for tackling GAS infections and potentially other challenging
microbial pathogens.
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Popular science summary

Every year, Group A Streptococcus (GAS) causes millions of infections, ranging
from mild sore throats to severe, life-threatening conditions. Unfortunately, there is
still no licensed vaccine available for GAS.

In this thesis, we employ a series of methods based on mass spectrometry (MS), a
powerful tool for analysing biological molecules such as proteins, to gain deeper
insights into how these bacteria cause disease and to facilitate the development of
better vaccines. A key discovery was that a GAS-produced toxin, streptolysin O
(SLO), not only damages human cells by creating pores on the surface but also binds
to an important human protein called plasminogen, thereby likely aiding the
bacterium’s spread.

Further, by integrating multiple MS-based techniques, we were able to pinpoint the
precise regions of SLO that the immune system can target most effectively. We then
harnessed this crucial component to create a “targeted vaccine” by attaching it to
tiny (nanometre-scale) protein particles. In our pilot study, this strategy enabled
mice to mount an improve immune protection against invasive bacterial infections.

Finally, we applied the same workflow to investigate pneumolysin, a key toxin
produced in S. pneumoniae. By mapping how different antibodies recognise and
modulate PLY function, we discovered shared “weak spots” that could inform
broader vaccine development against other bacteria with similar toxins.

Overall, this thesis demonstrates how powerful, MS-based methodologies can be
used to identify the most critical segments of bacterial toxins and direct the body’s
defences towards them. The overarching goal is to develop safer and more effective
vaccines that protect individuals from serious infections and address the growing
threat of antibiotic resistance. By uniting fundamental discoveries with emerging
vaccine technologies, this work outlines a plan not only for tackling streptococcal
diseases but potentially other dangerous pathogens as well. Through these integrated
approaches, we may move one step closer to a world less burdened by severe
bacterial infections.
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Populédrvetenskaplig sammanfattning

Varje ar orsakar grupp A streptokocker (GAS) miljontals infektioner virlden over,
fran enklare halsfluss till allvarliga och ibland livshotande sjukdomar. Trots detta
saknas fortfarande ett godként vaccin mot GAS.

I denna avhandling har vi anvént en serie avancerade metoder baserade pa
masspektrometri (MS), ett verktyg for att undersoka och analysera proteiner i detalj.
Genom dessa tekniker far vi en tydligare bild av hur bakterierna orsakar sjukdom
och hur vi pé sikt kan utveckla béttre vacciner. En viktig upptéckt var att toxinet
streptolysin O (SLO), som produceras av GAS, inte bara orsakar skador pa celler
genom att gora hal i dem utan ocksé kan binda till ett viktigt protein i kroppen,
plasminogen, vilket sannolikt hjilper bakterien att sprida sig.

Vidare kunde vi, med hjélp av flera olika MS-baserade metoder, noggrant kartldgga
vilka delar av SLO som immunforsvaret kénner igen allra bést. Dessa sirskilt
avgorande delar av proteinet utnyttjades sedan for att utveckla ett sd kallat
”maélinriktat vaccin”, dér dessa komponenter féstes pa mycket sméa (nanometerstora)
proteinpartiklar. I vara inledande studier sag vi att detta forfarande hjélpte mdss att
fé ett bittre immunskydd mot invasiva bakterieinfektioner.

Samma arbetsmetod anvéndes dven for att studera pneumolysin, ett toxin fran
bakterien S. pneumoniae. Vi undersokte hur olika antikroppar kénner igen och
paverkar detta toxin och kunde dé identifiera gemensamma svaga punkter som i sin
tur kan bana vég for vacciner med bredare skydd mot andra bakterier med liknande
toxiner.

Sammanfattningsvis visar denna avhandling hur olika MS-tekniker kan anvéndas
for att hitta de allra viktigaste delarna av bakteriella toxiner och rikta kroppens
forsvar mot just dessa omréden. Det dvergripande mélet dr att utveckla sdkrare och
mer effektiva vacciner som skyddar ménniskor fran allvarliga infektioner och
samtidigt hjélper oss att hantera det vixande problemet med antibiotikaresistens.
Genom att kombinera grundlidggande forskningsresultat med nya vaccintekniker
kan vi forhoppningsvis ta ett steg ndrmare en framtid dér farliga bakterieinfektioner
ar betydligt mer séllsynta.
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2 Introduction

2.1 Host-pathogen interaction

2.1.1 Group A Streptococcus

GAS biology

The Streptococcus genus encompasses numerous bacterial species that significantly
influence public health, causing considerable morbidity and mortality. A milestone
in this field was Lancefield’s study in 1941, which identified the pathogens
responsible for most haemolytic infections in humans as Group A Streptococcus
(GAS, also known as Streptococcus pyogenes) '. As a strict human pathogen, GAS
is associated with a broad range of clinical manifestations, spanning mild illnesses
such as pharyngitis to severe invasive diseases, including necrotising fasciitis,
streptococcal toxic shock syndrome, and sepsis. Post-infection sequelae can also
present as acute rheumatic fever, rheumatic heart disease, and acute post-
streptococcal glomerulonephritis .

Globally, GAS infections impose a substantial health burden, with over 1.78 million
severe incident cases and approximately half a million related deaths annually, in
addition to an estimated 727 million new non-invasive infections *. Despite the high
mortality rate, extensive prevalence, and considerable long-term morbidities
associated with GAS, the respective global significance remains under-recognised.

Key virulence factors and pathomechanisms

GAS infections involve highly complex processes driven by both host and bacterial
factors that collectively shape pathogenesis. GAS produces a variety of surface-
bound and secreted proteins exerting wide-ranging effects on different arms of the
immune system. Among these, major virulence factors are integral to bacterial
colonisation and the development of invasive disease *.

Prominent surface-associated virulence determinants include the family of M
proteins, which confer immunomodulatory functions °; the hyaluronic acid capsule,
mediating attachment to epithelial cells °; and the recently characterised S protein,
which enables GAS to coat with lysed erythrocyte fragments, thereby evading
phagocytic killing . Secreted virulence components include chemokine-degrading
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proteases, namely the S. pyogenes cell envelope proteinase (SpyCEP) and C5a
peptidase (ScpA), that cleave essential signals in the innate immune system *°, as
well as GAS deoxyribonucleases (DNases) that dismantle neutrophil extracellular
trap DNA ', Streptokinase (SKA) promotes bacterial dissemination by converting
plasminogen to plasmin, enhancing proteolysis '!, while immunoglobulin-degrading
enzymes such as IdeS and EndoS help GAS evade adaptive immune mechanisms
1213 " Streptococcal cysteine protease (SpeB) targets a broad range of substrates,
including intercellular barrier proteins and gasdermin-A (GSDMA) '*!5, Secretory
potent exotoxins, such as streptolysin O (SLO), form pores in eukaryotic cell
membranes, cooperating with NAD" glycohydrolase to deplete host intracellular
energy stores '°. In addition, GAS produces multiple superantigens that cross-link
T-cell receptors with MHC II molecules, triggering excessive T-cell activation and
disproportionate cytokine release '”.

2.1.2 Host immunity and bacterial evasion

Determining the immune processes involved in natural protection against GAS
infections is vital for understanding the underlining biology and for guiding the
development of vaccines and innovative therapies. Although the precise
mechanisms of protective immunity to GAS remain incompletely understood, it is
widely accepted that the principal processes include opsonophagocytosis,
neutralisation of various toxins and virulence elements (including bacterial
proteases), and inhibition of bacterial adhesion. These functions are mediated by B-
cell-derived antibodies and phagocytes, with support from helper T cells, pro-
inflammatory cytokines, chemokines, and other innate factors ',

In human challenge trial studies and murine pharyngitis models, early infection
evokes a potent acute-phase pro-inflammatory response, marked by systematic rises
in IL-1B, IL-6, IL-18, and IFNy . This inflammatory profile, driven in part by
IL-1 signalling, can unexpectedly benefit GAS by recruiting neutrophils that help
the pathogen outcompete other members of microbiota '°. Concurrently, GAS resists
immune clearance via the hyaluronic acid capsule and DNases, thereby protecting
bacteria from neutrophil-mediated killing 2",

Superantigens further contribute by connecting MHC-II and T-cell receptors,
causing a cytokine storm that includes enhanced IFNy production, thereby
intensifying inflammation ****. Although T cells usually aid in infection control,
superantigen-mediated hyperactivation can actually promote GAS replication by
undermining effective bactericidal activities 2 1In skin infections, invasive diseases
also stimulate a pro-inflammatory cytokine profile %, though IL-1B appears
protective in this setting by driving emergency granulopoiesis and restricting
bacterial spread .
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Of particular note is the pyroptosis pathway, governed by the gasdermin family,
which can limit intracellular GAS survival ?’. Specifically, SpeB-mediated
cleavage of gasdermin A in skin cells incites beneficial cell lysis, depriving GAS of
a favourable intracellular environment '3,

During these escalating host-pathogen confrontations, GAS fine-tunes diverse
virulence factors through transcriptional and post-translational mechanisms. CovRS
(or CstRS) detects the human antimicrobial peptide LL-37 %°, which accumulates in
saliva and infected tissues with inflammation *, enabling GAS to sense immune
activation and adjust expression of the capsule, M protein, streptococcal cysteine
protease, and SLO. Additionally, reactive oxygen species produced by neutrophils
can inactivate streptococcal cysteine protease or SLO; however, GAS counteracts
this by leveraging glutathione released from lysed cells, thus restoring toxin
function and potentially upregulating superantigen activity *'2.

Altogether, these observations highlight the precarious balance between immune-
mediated pathogen clearance and GAS exploitation of inflammation. On the other
hand, while the major virulence factors of GAS and their immunogenic properties
have been well characterised ****, our understanding of the detailed molecular
aspects of relevant interactions and corresponding antibody responses remains
limited. In particular, there are significant gaps in knowledge and understanding
regarding which epitopes are naturally recognised and targeted, the in vivo relevance
of these antibodies, and the specific antibody characteristics (such as isotype,
subclass, post-translational modifications|[PTMs], and clonality) that influence
antibody protective capacity.

2.1.3 Antibody and epitope

Antigen, epitope, and antibody

An antigen is any substance that can trigger an immune response, typically a foreign
protein derived from bacteria or viruses. Each antigen contains smaller regions
called epitopes, which are recognised by the induced antibodies with high
specificity. An antibody (Ab), or immunoglobulin (Ig), is a Y-shaped protein made
up of two identical heavy chains and two identical light chains. The tips of'its “arms”
have variable regions featuring hypervariable (HV) loops that form part of the
complementarity-determining regions (CDRs), providing the binding specificity for
an epitope. By binding these epitopes, antibodies can neutralise pathogens or mark
them for clearance by immune cells, thus playing a crucial role in host immune
defence.

Gene recombination, somatic hypermutation, and the varied pairing of heavy and
light chains give rise to extensive sequence diversity exhibited in antibodies. This
diversity makes sequence information essential for understanding antigen binding,
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affinity maturation, and adaptive immunity *°. Furthermore, antibodies serve as
widely used research tools and therapeutic agents, requiring detailed primary
structure and characterisation for validation, production, and functional
optimisation ***7.

Traditionally, antibody sequencing has involved isolating antibody-producing cells
and cloning the relevant mRNAs **. However, such procedures can be time-
consuming and come with low success rates, particularly when only limited
numbers of cells remain or when they are entirely inaccessible. Secreted antibodies
frequently exist independently of their original B-cells, further complicating cell-
based sequencing methodologies. By contrast, methods like de novo MS sequencing
dispenses with the need for source cells by directly investigating the antibodies as
end-product proteins. This approach complements standard RNA-based sequencing
by capturing sequence variants that may be overlooked in cell-dependent workflows
39

Although T-cell responses are vital for long-term immunity against GAS, IgG
antibodies remain among the most extensively characterised components of the
adaptive response. Studies of antibodies targeting both serotype-specific (M
protein) and conserved (non-M-protein) GAS antigens suggest these responses
confer protection, paving the way for multicomponent vaccine design *°. Emerging
evidence highlights IgG’s key functions in mediating opsonisation, complement
activation, and prolonged immunity against GAS. In particular, IgG binding to
conserved regions of the M protein has shown strong opsonic and cross-protective
properties *!, while subclass-specific findings suggest that IgG3, with enhanced
fragment crystallisable region (Fc) flexibility, provides robust protection *2. Vaccine
candidates directed against conserved antigens, such as the streptococcal
haemoprotein receptor *, have also demonstrated promising IgG-mediated
immunity. However, the precise location of epitopes recognised by protective
antibodies, and how epitope specificity relates to functional immune outcomes,
remain largely unknow, mainly because the shortage of high-quality monoclonal
antibodies (mAbs) and the complexity of multidomain key GAS antigens limit
detailed analytical studies.
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Figure 1 | Antibody and epitope of antigen. Figure Created in BioRender under publication license. Fv,
variable domain; Fc: fragment crystallisable region; Fab: fragment antigen-binding; HV: hypervariable;
CDR, complementarity-determining region. N, N-terminus; C, C-terminus.

Antibody-guided epitope mapping and vaccine design

A powerful way to pinpoint B-cell epitopes is through structural determination of
the antigen-antibody complex by X-ray crystallography or cryogenic electron
microscopy (cryo-EM), which is able to offer high-resolution insights into precise
interaction sites ***7. However, these methods are not always feasible or accessible,
prompting researchers to turn to established function-based techniques such as
domain exchange *, peptide array analysis *°, and alanine-scanning mutagenesis *°.
While each of these methods can resolve epitopes at the domain, peptide, or residue
level, respectively, considerable time and resources are often required, and these
methods may still fail to identify more complex or discontinuous epitopes °'.

There are many ways to extract the epitope of relevance (such as synthetic peptide,
phage display, in silico prediction), and one direct approach for determine an epitope
of function centres on isolating a monoclonal antibody that robustly blocking a key
GAS pathomechanism. Such a mAb embodies the protective mechanism that
researchers hope to replicate through vaccination, namely “reverse immunology”.
If this particular mAb, at the same time, demonstrates potent neutralising activity
across multiple GAS strains, immunising with its target epitope may induce
comparably broad and effective immunity in vivo >2. This “reverse immunology”
strategy maps an mAb’s functional capacity to its corresponding epitope and
subsequently reproduces it in an optimised vaccine formulation. In the context of
GAS, effective implementation would enhance existing multicomponent vaccines
by ensuring the inclusion of critical, functionally relevant epitopes that elicit potent,
cross-protective antibody responses. Naturally, systematically characterising these
protective epitopes remains essential for advancing vaccine design and deepening
our understanding of GAS immunity.
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Table 1. Pro and cons of each technique.

Technique X-Ray HDX HRF XL ALN PepArr DomX
Speed Slow Fast Fast Fast Fast Slow Fast
(months) (2-4 weeks) (4-6 weeks)* (3-5 weeks) (3-6 weeks)** (1-3 (4-6 weeks)
month)
Material Used ~20 mg 0.5-1 mg 0.5-1 mg ~0.2 mg Transient transfection 20-100 Transient
ug transfection
antibody
Resolution Atomic Peptide Residue 3AA Residue Peptide Domain
/Residue /Residue
PTM tolerance Very low Moderate-High High High Native PTMs Absent Native PTMs
Cost $$$ $$ $$ $$ $ $ $
Throughput Single Several Several Several Several Multiple Multiple
Access to Specialist Broad Specialty CRO Broad/CRO Broad Broad/ Broad
technology CRO
Paratope Mapping Yes Low res Yes Yes No No No
Linear or Conformational ~ Conformational Conformational Conformational Conformational Linear  Conformational
conformational
Epitope
Structural or Structural Structural Structural Structural Functional Functional  Functional
functional
Epitope
Notes No guaranteed Measures Measures “protection” upon Only crosslinks Mutations can Linear Structure
output “protection”  binding. 12+ out of 20 AAcan be 6 out of 20 AA  compromise antigen epitope should be
upon binding targeted. folding and function mostly available

*Subject to synchrotron availability.
**Longer for soluble antigen.

Table 1 | Summary of current antibody-guided epitope mapping methods. HDX, hydrogen/deuterium
exchange mass spectrometry; HRF, hydroxyl radical footprinting mass spectrometry; XL: cross-linking
mass spectrometry; ALN, alanine-scanning mutagenesis; PepArr, peptide array; DomX, domain
exchange. Figure taken from Dang, X., Guelen, L., Lutje Hulsik, D., Ermakov, G., Hsieh, E. J., Kreijtz, J.,
... van Eenennaam, H. (2023). Epitope mapping of monoclonal antibodies: a comprehensive comparison
of different technologies. mAbs, 15(1) under open access CC BY license.
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2.2 Novel strategies against bacterial infections

2.2.1 Current vaccine landscape for GAS

In 1928, the Scottish physician Alexander Fleming observed a contaminating fungal
colony producing a substance capable of lysing Staphylococcus cells; this discovery,
later termed penicillin (Fleming, 1929), heralded the advent of antibiotic therapy.
Despite decades of clinical use, Group A Streptococcus (GAS) remains largely
sensitive to penicillin-based antibiotics, although reduced susceptibility has been
reported in recent years .

Developing a safe and broadly efficacious vaccine against GAS has proved highly
challenging, owing to the pathogen’s extensive genetic diversity, the risk of
autoimmune complications, and the practical difficulties in assessing immunity
against a strictly human-adapted organism with diverse clinical manifestations >°.
Regulatory and commercial obstacles, notably a 25-year ban in the United States
(imposed by the Food and Drug Administration, FDA) on the administration of
GAS-derived products to humans *°, further impeded progress. Although this ban
was lifted in 2005, only five vaccine candidates have subsequently progressed to
early phases of clinical trials®’ .

All present clinical candidates target the GAS M protein, either by formulating
multiple N-terminal fragments or focusing on conserved C-repeat epitopes. One
such approach is StreptAnova, a 30-valent N-terminal peptide vaccine that
demonstrated robust immunogenicity in a recent phase I trial °*, alongside evidence
of cross-opsonic activity suggesting wider serotype coverage *. Nonetheless, it may
still offer insufficient protection in certain geographic areas with high disease
incidence ®. By contrast, strategies aiming at the conserved C-repeat region,
exemplified by MJI8VAX which induces antibodies against J8 (a 12-residue peptide
from the C-repeat domain embedded in a non-M-protein, helix-forming sequence),
have shown promise for more global protection ¢'. MJ8CombiVax incorporates J8
together with an epitope from SpyCEP, conferring enhanced protection against
hypervirulent CovR/S mutant strains 2. Other C-repeat-focused vaccines, including
StreptInCor and P*17, have displayed encouraging efficacy in preclinical models
while extensive safety assessments have revealed no signs of autoimmunity .

In addition to M protein-based strategies, numerous “non-M” vaccine formulations
combine various antigens with both high gene carriage and minimal sequence
variability ®. Notable examples are GlaxoSmithKline’s three-component vaccine
(comprising SLO, Streptococcus pyogenes Adhesion and Division protein
[SpyAD], and SpyCEP) **, Vaxcyte’s VAX-A1l (encompassing ScpA, SLO,
SpyAD-Group A carbohydrate polyrhamnose backbone) . and multi-antigen
blends including Combo4 ¢, Combo5 **° 5CP ™ and Spy7 "', all of which have
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protected animals against GAS challenge. Another promising candidate, TeeVax,
targets various T antigens *.

Despite considerable efforts in the development of diverse GAS vaccines
encompassing both M protein-based constructs to non-M antigen formulations, the
immunological mechanisms that underlie their protective efficacy are still not fully
resolved. Recent investigations into IgG subclass responses underscore their
importance: for instance, a cyclic lipopeptide J8-derived vaccine stimulated robust
IgG1 and IgG3 production, key for opsonisation and bacterial clearance, alongside
a balanced Th1/Th2 immune profile that enhanced antibody functionality 7.
Sublingual and intranasal immunisation with appropriate adjuvants has also been
shown to induce strong systemic IgG, including subclasses particularly associated
with protective immunity ™. At the same time, T-helper cell polarisation studies
reveal that conserved M protein epitopes can drive robust Thl and Th17 responses,
conferring broad-spectrum protection . Cytokine profiling further emphasises the
complexity of these immune responses. Cyclic GAS vaccines appear to elicit both
Thl- (IFN-y) and Th2- (IL-4) associated cytokines, correlating with durable 1gG-
mediated protection ’®, while mucosal GAS vaccination enhances IFN-y, IL-17, and
IL-4, reflecting a combination of Thl, Th17, and Th2 immunity . Integrated
approaches that measure opsonic antibody activity and T cell responses indicate that
epitopes in conserved M protein regions can promote cross-reactive, protective
immunity 7.

Nevertheless, critical uncertainties remain about the epitope-level correlates of
protection, particularly for complex GAS antigens. It is often unclear precisely
which epitopes vaccine-induced antibodies target, how PTMs might influence IgG
function, or whether epitope recognition differs among individuals. Addressing
these gaps in our understanding of antibody-antigen interactions will be essential
for optimising vaccine design and fully harnessing the power of IgG-mediated
immunity against GAS.

Recent renewed focus on GAS vaccine research follows the World Health
Organisation’s (WHO) designation of rheumatic heart disease as a global priority,
coupled with newly published economic analyses predicting substantial cost savings
from an effective and safe GAS vaccine "’. Advances in formulation, such as using
adjuvants that stimulate both humoral and cellular immunity “%°, and novel delivery
systems like microarray patches 7® are under active exploration. Additionally,
refinements in animal modelling " and the establishment of a human challenge
model * offer more definitive insights into correlates of protection, thus holding
potential to accelerate clinical translation.
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2.2.2 Antibody-guided vaccinology

Epitope-focused vaccine strategies involve engineering immunogens that reliably
replicate a protective epitope while minimising extraneous antigenic features,
thereby guiding the immune system towards a recognised site of vulnerability *'. A
recent investigation showcases this concept by demonstrating that compact,
thermally stable protein scaffolds, designed to mimic a protective epitope of
respiratory syncytial virus *', elicit neutralising antibodies in immunised macaques.
This outcome verifies the principle that maintaining a high-fidelity epitope structure
is critical for inducing a functional (i.e. protective) antibody response, thus
providing a promising framework for the development of next-generation vaccines
aimed at pathogens with conserved, yet immunologically recessive, epitopes.

From an immunobiological viewpoint, the capacity of a meticulously stabilised
epitope to elicit potent neutralising antibodies underscores the significance of
epitope structural rigidity for promoting high-affinity B-cell responses **¥. In
numerous viral infection studies, especially those involving highly variable
pathogens like HIV or influenza, broad neutralisation hinges on recognising
conserved epitopes, which are frequently obscured by more variable,
immunodominant segments ***. By concentrating the immune response on these
less common but essential targets, scaffold-based immunogens shift the typical
immunodominance profile ***’. This approach may also mitigate the risk of disease
enhancement by restricting exposure to “off-target” viral fragments that could
trigger non-neutralising or otherwise harmful immune responses **.

Such insights prove central for rational vaccine design. The correlation between
scaffold-induced epitope mimicry and the generation of high-affinity, protective
antibodies supports computational design strategies that incorporate backbone
flexibility and precise epitope presentation ®'. This further highlights the potential
for iterative improvements to scaffolds (e.g., through modifications to adjuvants,
dosage, or delivery methods) to optimise neutralisation titres and the durability of
immune protection. In addition, incorporating multiple epitopes, each scaffolded to
conserve vital functional elements, could expand the breadth of protection and
address variability across different host B-cell repertoires.

Notably, outcomes from the same scaffold-based immunogens sometimes differ
between mice and macaques, indicating that species-dependent differences in B-cell
repertoire may affect the magnitude and frequency of protective responses *'. This
observation emphasises the importance of multi-epitope formulations and extensive
preclinical testing. Ultimately, the confirmation that monoclonal antibodies isolated
from an immunised macaque preserved precise specificity for the scaffold epitope
provides strong evidence that epitope-focused vaccines can successfully “immuno-
focus” antibody production on conserved regions *'. Such an approach represents a
powerful tactic for confronting difficult pathogens, particularly in scenarios where
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conventional whole-antigen vaccines do not generate broad or long-lasting
immunity.

2.2.3 Protein design and emerging vaccine modalities

De novo protein design

ProteinMPNN is a deep-learning-based approach for de novo protein sequence
design that predicts the most probable amino acid residue at each position in a given
backbone, drawing upon an extensive range of structures deposited in the Protein
Data Bank. Unlike physics-based software such as Rosetta, which relies on large-
scale sidechain packing calculations and typically demands substantial parameter
tuning, ProteinMPNN operates with minimal adjustments. This capability allows it
to excel in recovering native amino acid sequences across diverse backbone
scaffolds, displaying notably higher sequence recovery (up to 52.4%) compared
with conventional approaches (approximately 32.9%). Moreover, it often rescues
designs that have failed in Rosetta or AlphaFold for protein monomers, assemblies,
and interfaces **°.

Unlike physically driven algorithms that exclusively optimise for low-energy
conformations, ProteinMPNN circumvents challenges such as unintended oligomer
formation or ambiguous side-chain placement in boundary regions. Using a deep-
learning model trained directly to predict amino acid residues from three-
dimensional structures, this can address instances where minor residue substitutions
might otherwise disrupt protein folding. By virtue of the high success rate in
experimental validation, computational efficiency, and adaptability, ProteinMPNN
has become instrumental in designing novel proteins °' and in refining existing ones
(e.g., enhancing stability or crystallisability). These improvements accelerate
structure determination efforts and open new avenues for generalised, robust protein
engineering.

Nanomaterial as an emerging vaccine modality

Nanoparticles have concurrently emerged as a promising platform in vaccine
development, enhancing immune responses through adjuvant-like effects, carrier
functions, or antigen-display properties *>. Among the various formats available,
protein-based nanoparticles stand out for their biocompatibility, genetic flexibility,
and built-in capacity to display multiple antigens in an organised, repetitive manner
9295 Unlike inorganic or micellar systems, which may pose concerns regarding
toxicity, degradation, or restricted antigen loading, protein-based nanoparticles can
be uniformly assembled and tailored for a broad spectrum of pathogens ***°.

A notable advantage of protein-based nanoparticles is their capacity to support
antigen uptake by antigen-presenting cells (APCs) and to provide high-density
antigen array display that drives robust B-cell activation °*%°. By enlarging the
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antigen construct, typically to the recommended 20-50 nm range, and incorporating
numerous antigen copies onto the nanoparticle surface, these platforms improve
retention within lymphoid tissues, facilitate enhanced opsonisation, and promote
efficient cross-linking of B-cell receptors %, Studies indicate that higher-valency
antigen display generally correlates with improved humoral responses, with
multiple binding events per nanoparticle reinforcing signals to both APCs and B-
cells 100101

Efforts to optimise nanoparticle size, morphology, and antigen density increasingly
rely on computational protein design to produce fully synthetic, self-assembling
architectures '*''%. These designed nanoparticles may derive inspiration from
natural scaffolds (e.g., ferritin or lumazine synthase) but often adopt symmetrical
patterns uncommon in nature. Icosahedral platforms, for instance, have received
particular attention due to their potential to form large oligomeric assemblies that
match or exceed viral capsids in size and antigenic capacity '*. By leveraging
icosahedral geometry, composing 20 trimeric or 12 pentameric vertices, researchers
have created new protein building blocks that self-assemble into structures
resembling dodecahedrons, rhombic triacontahedrons, or standard icosahedra '>'%,

A key milestone of this approach is the use of two- or multi-component co-
assembling strategies, wherein separate monomeric, dimeric, or trimeric modules
are engineered to interact precisely at specified interfaces '”. When assembled
correctly, these subunits give rise to highly ordered nanoparticles containing cavities
or channels capable of accommodating a variety of antigen conformations by
genetic fusion. Researchers can adjust nanoparticle diameter, antigen valency, and
epitope spacing by systematically altering the interface geometry ', This designed
control allows for “epitope-focused strategy,” in which immunodominant yet non-
neutralising regions are effectively downplayed while critical protective epitopes
are highlighted on the nanoparticle surface *'.

Importantly, vaccine efficacy hinges on both B-cell and T-cell responses. Some
synthetic nanoparticle formulations incorporate internal T-cell epitopes which are
universal CD4* or CD8* epitopes, for example, to bolster cellular immunity '*''!,
By simultaneously eliciting potent humoral and cell-mediated responses, protein
nanoparticles may overcome the immune evasion mechanisms of persistent
pathogens like HIV, dengue virus, and certain influenza variants ''2. Moreover,
designing the optimum nanoparticle platform entails a fine balance of multiple
parameters, particle size, surface charge, epitope spacing, antigen valency, and
manufacturing feasibility, while preserving overall stability °”''*. Although there are
concerns that immunised individuals might generate antibodies against the
nanoparticle scaffold components, several studies suggest that careful selection of
building blocks and considerate epitope arrangement can help mitigate this issue *.

In summary, protein-based icosahedral nanoparticles hold significant promise in
modern vaccinology, combining safety with strong immunogenic potential by
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replicating the repetitive surface structures of pathogens and providing extensive
scope to integrate neutralising epitopes and T-cell determinants. Guided by further
refinements in computational design, structural biology, and immunological
methods, these platforms are poised to enable next-generation vaccines against a
diverse range of infectious diseases.

Table 1. Selected Examples of Non-Viral Protein Nanoparticle Platforms®

Name Model® Global Number of Chains and Diameter | PDB/ | Ref.
Symmetry Oligomers in Assembly EMDB
P st 24 monomers arranged as 63
H. pylori ferritin Octahedral 12 dimers 12 nm 1FHA
T. maritima 60 monomers arranged as 64
encapsulin Icosahedral 12 pentamers 24 nm 3DKT
Asgeolicus 60 monomers arranged as
lumazine Icosahedral 15 nm 1HQK &
synthase (AaLS) 12ipentamers
Evolved 240 monomers arranged as
lumazine Icosahedral 12 pseudopentamers and 30 nm 7TA4J 56
synthase NC-4 20 trimers
Cg e"s‘rur:::otcvz:)l!y k 120 monomers arranged as
9 Icosahedral 20 trimers and 12 27 nm 6P6F | 1855
component pentamers
nanoparticle
Corzz:}a::(r;ally 36 monomers arranged as
19 Icosahedral | 12 de novo trimers and 12 25 nm In Ref. 2
antibody "
. Fc dimers
nanoparticle

“Nanoparticle models were made using UCSF ChimeraX.”

Table 2 | Some examples of established protein-based nanoparticle platforms. Figure taken from Audrey
Olshefsky, Christian Richardson, Suzie H. Pun, and Neil P. King (2022). Engineering Self-Assembling
Protein Nanoparticles for Therapeutic Delivery. Bioconjugate Chemistry, 33 (11), 2018-2034 under
open access CC-BY-NC-ND 4.0 license.

2.2.4 Streptolysin O: an important GAS vaccine target

SLO is a 69kDa pore-forming exotoxin universally expressed by GAS ',

Structurally, the mature secreted toxin contains multiple domains: the first 69 N-
terminal residues form an unstructured region, while domains1 to 3 are
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discontinuous and culminate in a C-terminal domain4 that is essential for cell
membrane binding '"°. Like other cholesterol-dependent cytolysins (for example,
pneumolysin [PLY] from Streptococcus pneumoniae), SLO undergoes major
conformational rearrangements in secondary structures, notably within domain 3, to
form pores and insert into host cell membranes.

Beyond its primary role in lysing host cells, SLO also contributes to bacterial
immune evasion and intracellular survival. Consistent with this, SLO-deficient
strains exhibit reduced virulence relative to wild-type GAS ''“''*. Likewise,
immunisation with SLO, whether enzymatically inactivated or in its active form—
confers protection in murine challenge studies **''°, and nanoparticle-based
treatments that neutralise SLO activity demonstrate therapeutic promise against
invasive GAS infections '*°. SLO’s cytotoxic effects target a broad range of cells,
including erythrocytes, platelets, leukocytes, macrophages, and epithelial cells
16121122 'The mechanism involves successive steps: binding to the cell membrane,
oligomerisation, and subsequent pore formation ',

Notably, SLO promotes the entry of NAD" glycohydrolase into the host cytosol,
thereby enhancing cytotoxicity '“'**. NAD" glycohydrolase can induce cell death
through NAD" depletion or programmed necrosis '%, and the stabilisation of both
SLO and NAD" glycohydrolase upon interaction further broadens the range of
targeted cells while enhancing GAS virulence '2'~*°. Recent research also indicates
that SLO cooperates with the streptococcal superantigen (SSA): SLO-mediated pore
formation releases glutathione, which converts the inactive SSA dimer into an active
monomer 2. In addition to direct cell damage, SLO and NAD" glycohydrolase
modulate host immunity by activating the inflammasome and inducing IL-1§
secretion in some contexts *"'*2 but inhibiting IL-1p, IL-8, and other cytokines via
Golgi disruption in others '**. These effects undermine neutrophil and macrophage
function "**, while intracellularly SLO enables bacterial escape from endosomes and
avoids autophagy-mediated destruction '¥. Overall, these multifaceted roles
identify SLO as a prominent therapeutic and vaccine target in both preclinical and
clinical research *.
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Figure 2 | (a) SLO domain annotation and residue numbering. (b) A typical CDC (using PLY as a
showcase here) pore formation process. HB, helix bundle; HTH, helix-turn-helix; HP, B-hairpin. Figure
taken from Katharina van PeeAlexander NeuhausEdoardo D'ImprimaDeryck J MillsWerner
KihlbrandtOzkan Yildiz (2017). CryoEM structures of membrane pore and prepore complex reveal
cytolytic mechanism of Pneumolysin. eLife, 6:€23644 under open access CC BY license.
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2.3 Multimodal MS and integrated biology

2.3.1 Protein mass spectrometry

Mass spectrometry (MS) is a technique that measures the mass-to-charge ratio of
gas-phase ions to simultaneously identify and quantify multiple molecules in both
simple and complex samples. Since proteins constitute the majority (approximately
90%) of a cell’s dry mass, they underpin the sophisticated chemistry that sustain
life. A widely employed strategy in MS-based workflows is bottom-up proteomics,
wherein proteins are enzymatically cleaved into shorter peptides, typically using
trypsin, to facilitate analysis '*°. These peptides are then separated via liquid
chromatography (LC), ionised, and subsequently subjected to MS analysis '*"'**,
Tandem MS (MS/MS) generates peptide sequencing data by fragmentation, which
can be compared against protein databases to identify the source proteins '*°, or
deduces peptides directly from experimental MS/MS spectra via a de novo
sequencing manner '*°. Over recent decades, MS-based proteomics methodologies
have evolved beyond merely global or in-depth protein identification and
quantification, extending to the study of large-scale interactome, protein structures,
functions, and solution dynamics'*"+'4* |

Although proteomics has yet to reach the same breadth of coverage as genomic
methods, directly analysing proteins via MS excels at uncovering functional
associations under near-native conditions on a large scale ', particularly through
affinity-enrichment/purification MS (AE/AP-MS) '*, cross-linking MS (XL-MS)
15 and co-fractionation MS '*. These approaches also inform mechanistic follow-
up studies, where structural proteomics including XL-MS and hydrogen/deuterium
exchange MS (HDX-MS) coupled with integrated structural biology are invaluable
47 In the following sections, I intend to highlight the main MS-based proteomics
techniques (i.e. AE-MS, XL-MS, HDX-MS, and de novo MS) applied in this thesis.

Affinity-enrichment mass spectrometry

Pathogens often reprogramme and exploit host protein networks, where the extent
of host-pathogen interplay is closely related to pathogen fitness during infection '**.
Unravelling protein-protein interactions (PPIs) therefore offers essential insights
into disease pathogenesis and provides promising avenues for novel drug and
vaccine development.

Proteins assemble into “protein machines” to accomplish the diverse biological
functions required and to serve key structural roles. Generally, AE-MS procedure
involves isolating specific biological targets from a complex mixture using a ligand
linked to a solid support, commonly agarose or magnetic beads '**. This can be
achieved by inserting an epitope tag, such as the streptavidin-derived Strep-tag ',

which is recognised by the support, or through immobilising an antibody that
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recognises the tag. When coupled with MS, the AE-MS approach becomes a
cornerstone of functional proteomics, offering a high-throughput route to explore
PPIs in diverse biological settings '>''*2. By genetically fusing a tag to a bait protein
of interest, AE-MS helps maintain the native conformation and PTMs of both
isolated interacting partners, enabling biologically relevant delineation of
interaction networks. This method is highly valuable in areas ranging from
fundamental research to translational applications, with notable significance in
studying host-pathogen interactions ',

Given the therapeutic potential of enhancing or inhibiting PPIs, it is frequently
crucial to distinguish direct from indirect associations, those potentially mediated
by intermediate proteins or other macromolecules, on the basis of AE-MS data '**
10 Beyond the recombinant production of proteins for in vitro validation of
biochemical interactions, pinpointing interacting surfaces that constitute the protein-
protein interactions (PPIs) is similarly important. The polypeptide segments in close
spatial proximity within protein assemblies isolated by AE can be determined using
cross-linking MS (XL-MS) '®'. More importantly, combining these methods can
help capture weak or transient PPIs that might be lost during the wash steps required
in AE part. Integrative efforts that unite AE-MS and XL-MS are therefore under
active investigation for advanced PPI studies '’.

Scalability and robustness render AE-MS particularly suitable for constructing
interactome maps. For example, AE-MS experiments have revealed thousands of
previously unidentified interactions in large-scale datasets, with software tools such
as SAINTexpress, CompPASS, and MiST employed to differentiate genuine
interactors from contaminants introduced during sample preparation '>''6%163,
Consequently, AE-MS has emerged as a central approach for elucidating the
modularity and dynamism of the interactomes, including the characterisation of
other types of macromolecular complexes (e.g., protein-DNA, protein-RNA,

protein-glycan) beyond solely protein interactions'®,

Cross-linking mass spectrometry

XL-MS has gained significant traction as a core methodology for investigating
protein-protein interaction (PPI) networks, structural conformations, and the
dynamic attributes of large biomolecular complexes '®. By creating covalent
linkages between residues in close proximity, XL-MS offers important distance
constraints that elucidate the overall topology of protein assemblies under
conditions close to their native states '®. In contrast to conventional structural
biophysics techniques, XL-MS can accommodate sample heterogeneity and
requires comparatively small protein amounts, making the method particularly
valuable for examining complexes in multiple conformational states. These features
have placed XL-MS at the forefront of structural systems biology, where
understanding protein behaviour in solution is vital for clarifying roles in both health
and disease.
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Typically, XL-MS begins with the application of chemical cross-linkers that
selectively react with specific amino acid side chains, commonly lysine, or by
employing photoactivated probes to map solvent-inaccessible regions '°. Following
cross-linking, the sample is proteolytically digested, generating a mixture of cross-
linked and regular (non-cross-linked) peptides. Because cross-linked peptides often
occur at sub-stoichiometric levels, specialised enrichment methods and refined
liquid chromatography separation steps are used. Subsequent tandem mass
spectrometry (MS/MS) detects cross-linked species by matching their distinct
fragmentation signatures to the relevant peptide pairs. Such cross-link data confirm
residue proximity and can be employed to model or refine protein structures,
highlight binding interfaces, and unveil potential allosteric relationships, even
within highly dynamic or transient assemblies.

A key benefit of XL-MS lies in the ability to capture diverse protein states, including
partially disordered or ligand-induced conformations. By conducting cross-linking
experiments under multiple conditions, researchers can compare cross-link patterns
to identify conformational changes elicited by small molecules, binding partners, or
PTMs '%’. Unlike techniques that yield only an averaged structure, XL-MS can
detect multiple conformers coexisting in solution, thereby offering snapshots of the
functional flexibility inherent to numerous protein complexes '®. These findings
can then be integrated with other structural data, such as cryo-electron microscopy
(cryo-EM) or small-angle X-ray scattering, to generate a more comprehensive
understanding of intricate protein architectures ',

Within integrated structural biology, XL-MS has proved indispensable for refining
models and verifying protein arrangements that cannot be fully captured by a single
technique. XL-MS has contributed greatly to the characterisation of systems ranging
from full-length proteins containing large intrinsically disordered regions to vast
macromolecular machines, such as the COP9 signalosome and transcriptional
complexes "', One recent illustration concerns the replication-transcription
cofactors nsp7 and nsp8 in SARS-CoV-2, where XL-MS combined with
hydrogen/deuterium exchange (HDX) showed that these proteins predominantly
form linear hetero-tetramers in solution, rather than the cubic structures suggested
by crystallography '”. Likewise, XL-MS data have identified binding regions
missing from existing models, showcasing the technique’s ability to detect
overlooked or elusive contact sites in extensive assemblies '"*!".

Additionally, XL.-MS manages conformational diversity by capturing ensembles of
structures rather than relying exclusively on static, crystallised forms '". This
capability is crucial for understanding how protein subunits rearrange around
regulatory domains or shift upon binding partners. The method has excelled at
investigating molecular machines, large assemblies that undergo extensive
conformational transitions as part of their functional cycles '”’. By pinpointing
cross-links that change when a particular subunit reorients or a regulatory factor
binds, XL-MS provides a molecular perspective on how complexes alternate
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between active and inactive states '’ As the technique advances further, aided by
new cross-linking reagents, peptide enrichment strategies, improved
instrumentation, and computational innovations, the capacity to map intricate
protein architectures continues to expand. Through integrative approaches that
merge diverse structural datasets, XL-MS remains a keystone for illuminating how
proteins carry out their functions in both normal physiological and pathological
contexts '*.

Hydrogen/deuterium exchange mass spectrometry

Researchers have long focused on clarifying how a linear amino acid sequence
adopts a distinct three-dimensional conformation, how protein motion adapts during
interactions, and how such processes adjust in both healthy and diseased contexts
179180 " Although atomic-resolution snapshots of protein structures can be acquired
using nuclear magnetic resonance (NMR) spectroscopy, X-ray crystallography, or
cryo-EM, capturing protein dynamics in solution remains persistently difficult.
Equally crucial is understanding how proteins engage with surrounding solvent and
how hydrogen bonding, as inferred from the structure, factors into protein function
'81 Recent progress in both measuring and interpreting these hydrogen-exchange
“signals” provides a unique opportunity to connect structural features with function
and to guide protein engineering ',

Hydrogen/deuterium exchange (HDX) refers to the phenomenon where, once a
protein is diluted into deuterated buffer, certain hydrogens spontaneously substitute
with deuterium in solution. In regions that lack defined folding, the exchange rate
largely depends on buffer properties such as temperature, pH, and ionic strength,
along with residue-specific acid dissociation constants. However, when a protein
adopts a distinctive conformation, intramolecular hydrogen bonding and limited
solvent contact reduce the rate of this exchange in a “protective” manner, mirroring
the corresponding structural and dynamic traits '*'. Over the past two decades, HDX
coupled with mass spectrometry (MS) has emerged as a versatile alternative to
HDX-NMR '8, offering more automation, enhanced statistical robustness, and
greater flexibility regarding protein size range and sample preparation strategies.

HDX-MS quantifies the mass shift of a protein or peptide attributable to deuterium
incorporation. Typically, an ample dilution ratio in deuterated buffer is chosen, and
the protein is exposed for varying lengths of time intervals. HDX patterns can then
be evaluated globally (observing the intact protein) or at higher spatial resolution by
using bottom-up proteomics, where the deuterated protein is digested, and the mass
shifts of the resulting peptides are measured. This spatial specificity may be
improved further by employing innovative fragmentation techniques, alternative
proteases, or dual-enzyme protocols '**.

The analysis of HDX-MS data typically compares at least two scenarios (for
example, a protein in different buffers or a protein in the presence versus the absence
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of a binding partner). For each peptide, statistical methods (e.g., Student’s t-test '*°
or linear regression models '*'*7) assess whether observed differences in deuterium
uptake are significant. Any notable variations often point to structural changes such
as protein unfolding, binding-site alterations, or allosteric effects.

HDX-MS has shown considerable promise for investigating antigen-antibody
systems and mapping the binding interfaces. Even antigens of moderate purity can
be used, and recent work has illustrated success in identifying epitopes recognised
by multiple antibody types, accentuating the method’s uniqueness, throughput, and
broad applicability '**7'°. Furthermore, this technique excels at detecting
conformational epitopes, which are nearly impossible to pinpoint through standard
B-cell epitope mapping strategies (e.g., peptide array, domain exchange, or scanning
mutagenesis) °'.

De novo MS sequencing

Most MS-focused strategies employ a bottom-up liquid chromatography—tandem
mass spectrometry (LC-MS/MS) pipeline '*'. Multiple proteases are used to produce
overlapping peptides that enhance sequence coverage, while software platforms
either reconstruct peptide reads de novo or refine them against germline-based
models to identify somatic mutations '*>. Principal applications include rescuing

‘lost’ hybridomas and investigating polyclonal mixtures or entire serum repertoires
193,194

Practically, MS-based antibody sequencing needs only modest sample quantities
and can be achieved rapidly. For instance, combining multiple proteases with dual-
fragmentation MS/MS approaches, specifically electron-transfer high-energy
collision dissociation and stepped higher-energy collision dissociation, yields
thorough coverage of variable domains, including CDRs Such methods have been
successfully applied to widely used monoclonal antibodies, confirming both their
sequences and their capacity to bind target antigens by reverse expression of
sequenced mAb > Overall, de novo MS sequencing represents a robust and
complementary strategy for profiling antibody diversity, expediting therapeutic
antibody advances, and driving fundamental immunological research. This holds
particularly true when only specific functional antibodies (e.g., those produced and
purified from hybridoma techniques) are available, permitting relatively high-
throughput and precise characterisation.
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Figure 3 | Representative workflows for (a) AE/AP-MS, (b) HDX-MS, and (c) XL-MS. Figure taken from
Paper I, licensed under CC BY 4.0.

2.3.2 Data-driven modelling

Data-driven modelling has emerged as a central approach in structural
bioinformatics, driving notable progress in predicting protein structures, including
those antigen-antibody complexes. The introduction of deep learning tools such as
AlphaFold2, RoseTTAFold, and related programmes has enabled high-accuracy
prediction of individual protein architectures directly from sequence data input '**
292 These developments have addressed critical shortcomings in protein structure
determination, particularly for static or monomeric proteins, where experimental

techniques may prove either unfeasible or prohibitively resource-intensive '

On the other hand, modelling protein complexes, particularly antigen-antibody
interactions, continues to present a considerably greater challenge. While individual
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antigens and antibodies can frequently be accurately modelled separately, the
complexity of antigen-antibody assemblies involves numerous potential variations
and uncertainties, particularly in anticipating interaction sites and conformational
rearrangements upon binding 2*****, This inherent complexity frequently results in
notable disparities between predicted and actual binding interfaces and orientations,
underscoring the limitations of exclusively computational strategies for modelling
highly intricate biomolecular complexes with scarce co-evolutional features **.

One key shortcoming of current data-driven modelling is an over-reliance on
computational predictions without sufficient incorporation of empirical data or
constraints. Although Al-based tools can produce credible structural folding, they
frequently do not capture the dynamic and context-sensitive qualities of protein-
protein interactions, which are influenced by factors such as binding-induced
structural rearrangements, PTMs, and steric hindrances 205 For instance, antibody
CDRs, notably the 3™ loop of heavy chain CDR crucial for antigen recognition,
display considerable structural variability, complicating accurate modelling 2°2%’.

Introducing experimental constraints, such as loosely defined binding interface
information or structural insights from given complexes, can substantially bolster
both the accuracy and consistency of complex modelling efforts. As an example,
information-guided docking methods such as HADDOCK and AlphaLink, which
utilise experimental findings to improve and constrain computational predictions,
have shown superior outcomes compared with purely ab initio modelling methods
208209 'In the absence of such constraints, attempts at modelling antigen-antibody
complexes often produce inconsistent and biologically irrelevant outcomes,

especially when both antigen and antibody models are generated computationally
203,210

Therefore, although data-driven modelling has achieved remarkable success in the
prediction of primary protein structures, the integration of experimental validation
with computational methods is fundamental to accurately capture pairwise/multi-
component and antigen-antibody protein complexes in both structural and
functional terms.

2.3.3 Single particle cryo-EM

Cryo-EM 1is a transformative technique for determining three-dimensional
structures of large macromolecular complexes at near-atomic resolution 2''*'2. The
workflow includes rapid vitrification of samples, imaging in cryogenic conditions,
and computational three-dimensional (3D) reconstruction, thereby reducing
radiation damage while preserving the molecular integrity of the specimen. Cryo-
EM is particularly suited to highly symmetric assemblies, as single-particle
averaging capitalises on multiple, repeating subunits to boost the signal-to-noise

ratio 2!,
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However, mismatches in perfect symmetry, such as sub-stoichiometric occupancy
of receptors or antibodies, may produce “symmetry mismatches”, causing the loss
of coherent signal if a global symmetry is incorrectly enforced *'*. Notable cases
include trimeric fibres on icosahedral viruses or internal chaperonin-substrate
complexes misaligned with the broader cage structure *'**'. Historically, these
discrepancies have hampered the achievable resolution in deviating regions, as they
become averaged out or are incorrectly aligned 2'®. To address these issues, localised
reconstruction methodologies have been developed, treating these mismatched or
flexible subunits as independent entities for classification and refinement. By
centring on these specific subunits rather than the overall particle, this approach is
now possible to obtain higher-resolution detail while retaining contextual
information about the complex *!7. This approach has substantially improved

reconstructions, revealing partial occupancies and local variations in binding angles
213

One crucial factor in elucidating the mechanisms of potential biotherapeutics is
accurate epitope mapping for mAbs. Recently, negative-stain electron microscopy
(EM) and cryo-EM have been implemented for both linear and conformational
epitope identification. These methods require only microgram-scale quantities of
the antibody-antigen complex and can be integrated with other analytical strategies,
like HDX-MS or fast photochemical oxidation of proteins (FPOP), to determine
epitopes at the residue level. Long and colleagues, for example, used cryo-EM to
clarify how two potent, chikungunya virus-neutralising human mAbs bind virus-
like particles and block fusion between the viral and host membranes *'®. Likewise,
negative-stain EM has proven valuable in initial exploratory studies; for instance,
Ciferri and colleagues determined the structure of an antibody complex with
HTRAI1, a serine protease implicated in age-related macular degeneration,

highlighting the cage-like arrangement and inhibition mechanism?'°.

Cryo-EM has additionally delivered key insights for vaccine design, especially in
relation to dynamic and intricate antigens like the HIV-1 envelope glycoprotein
gpl60 trimer (Env). As the principal target for developing broadly neutralising
antibodies (bnAbs), Env is a focal point of HIV vaccine research. Lee and
colleagues revealed how Env rearranges the conformation upon binding MPER
(membrane-proximal external region)-directed antibodies, emphasising the
antigen’s flexible nature and underscoring challenges in vaccine formulation %2,
Moreover, recent efforts have deciphered the initial quaternary contact between Env
and the CD4 receptor, providing vital structural context to guide rational vaccine
and antibody engineering %',

In summary, cryo-EM, augmented by single particle analysis, localised
reconstruction techniques, and used in tandem with other complementary analytical
approaches, enables exceptional insights into functional heterogeneity in large
biomolecular assemblies. These advances have direct relevance for vaccine
development, therapeutic design, and antibody engineering **.
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2.3.4 Integrated structural biology

Structural insights of biomacromolecules provide the fundamental basis for
mechanistically understanding the full spectrum of transformations occurring in
organisms across all domains of life. Integrated structural biology merges and
interprets data from multiple complementary orthogonal techniques (e.g., X-ray
crystallography, small-angle X-ray scattering, NMR, cryo-EM, mass spectrometry,
molecular dynamics, and artificial intelligence [Al]-based methods), each grounded
in diverse physical and chemical principles ***. This integrated approach addresses
the major challenge of correlating structural information with biological function
and is essential for elucidating the roles of macromolecules and their assembled
complexes in living systems.

The success of Al-driven protein structure prediction and generative tools has
prompted a renewed perspective on how integrated structural biology should evolve.
Adding another dimension as temporal scale to the classic 3-D information gives
rise to the term “4-D structural biology,” which seeks to capture how biomolecules
adapt to changing environments or biological processes, thereby offering deeper
insights into function and regulation . In particular, cryo-EM with structural MS
techniques, particularly XL-MS, has demonstrated success in uncovering the
architecture of multimeric complexes '®**?%°. Nonetheless, gaps persist in
structural biology field, notably the incomplete representation of PTMs and RNA
structures, posing significant hurdles to achieving a more comprehensive structural
atlas of biomolecular function .
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3 Aim of the thesis

3.1 Problem statement

Despite decades of intensive research on GAS pathogenesis and host immunity, no
licensed vaccine targeting this bacterial pathogen of concern is currently available.
This shortfall persists despite mounting evidence that virulence factors beyond the
highly variable M protein, most notably SLO, could function as promising vaccine
antigens. SLO is a multifunctional CDC that damages host cells through pore
formation while also modulating immune defences. Yet its interactions with various
host factors remain incompletely characterised, and definitive mapping of protective
SLO epitopes has not been achieved. Current efforts to incorporate SLO into
vaccine strategies have yielded only limited immunogenicity and protection, likely
due to the dominance of non-protective regions overshadowing functionally critical
epitopes.

Two main gaps warrant attention:
1. SLO pathomechanisms and host-pathogen interaction.

While the pore-forming function of SLO is well documented, the broader
landscape of SLO’s PPI interactions with human proteome, particularly
under native conditions such as in plasma or saliva, remains poorly
explored. Understanding these potential PPI of relevance is crucial for
deciphering how GAS exploits the host protein networks and pathways to
promote bacterial invasiveness.

2. Epitope-specific immunity and the need for integrated MS approaches.

Precisely which SLO regions (i.e. epitopes) elicit neutralising or protective
antibody responses remains unclear, and identifying these regions on native
antigen represents a significant analytical challenge. Recent advances in
functional and structural proteomics (including AE-MS, HDX-MS, XL-
MS, and de novo MS sequencing) provide powerful tools for mapping
protein interaction interfaces and discovering epitopes of importance.
However, their combined usage as a multimodal MS workflow is still
underexploited. Leveraging these complementary orthogonal techniques in
sequence could possibly clarify the structural basis of SLO-mediated
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adaptive immunity, laying the groundwork for next-generation, epitope-
focused vaccine designs.

By applying this integrated mass spectrometry framework to SLO, one of GAS’s
major virulence determinants, it becomes possible to systematically study host-
pathogen interactions and pinpoint the precise structural regions that underpin
protective antibody responses. Such insights will not only advance our fundamental
understanding of GAS pathogenesis but also facilitate rational vaccine engineering.
In particular, epitope-focused immunogen design can be optimised to present the
most functionally relevant regions of SLO, potentially through innovative vaccine
modality or conjugate platforms that display these epitopes in a manner conducive
to robust, long-lasting immune protection. Ultimately, bridging these biological and
technological gaps is crucial for realising a safe and effective vaccine against GAS.

3.2 Aim

The overarching aim of this thesis is to develop a multimodal protein MS strategy
that unifies functional and structural proteomics to achieve an increased
understanding of SLO, thereby contributing to next-generation vaccine initiatives
against severe GAS infections. This goal comprises five interlinked objectives:

1. Map host-pathogen interactome centred on SLO

To fully profile and interpret protein-protein interaction networks between
SLO and human plasma proteins. By leveraging functional proteomics (e.g.,
AE-MS) and network analysis, we will identify host factors that bind SLO
and investigate how these interactions contribute to GAS virulence.

2. Determine the biological relevance of SLO-interactive partners

To analyse the physiological/pathological impacts of SLO’s interactions
with key human proteins and elucidate the molecular bases of these
interactions using HDX-MS, XL-MS, and computational modelling. These
findings will clarify unrecognised mechanistic pathways related to bacterial
dissemination and immune modulation exerted by SLO.

3. Develop a structural antibody-guided epitope-mapping workflow

To establish a pipeline that integrates de novo MS sequencing (for
determining the antibody primary structures), HDX-MS (for probing
protein dynamics in solution), and XL-MS (for identifying proximal
distance constraints within antigen-antibody complexes), in combination
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with data-driven modelling. This toolkit aims to confidently identify
bacterial epitopes of protective significance, particularly on SLO, in their
native three-dimensional conformations.

Design, engineer, and evaluate an epitope-focused immunogen

To design a novel immunogen incorporating well defined protective SLO
epitopes, and present such on an emerging vaccine modality inspired from
self-assembling symmetric protein-based nanoparticles. We will assess
whether this epitope-focused construct can elicit a more targeted immune
response, offering enhanced and safer protection profile in animal models
compared to community-standard SLO-derived vaccines.

Generalise the multimodal protein MS workflow

To broaden the applicability of the previously established multimodal
protein MS approach by investigating more diverse monoclonal antibodies
(mAbs) and mapping epitopes in other homologous cytolysins (e.g., PLY).
We will thus evaluate the feasibility of extending these methods to other
clinically significant bacterial antigens, enabling high-throughput accurate
characterisation of structural epitope landscapes, demonstrating uniqueness
and advantages of MS-based epitope mapping methods over conventional
methods, clarifying how epitopes relate to mAb-directed functionalities,
and updating rational immunogen design beyond streptococcal infections.

By pursuing these five objectives, the thesis aims to exemplify the versatilities of
multimodal protein MS, extending from initial host-pathogen interaction mapping,
protein interface studies, to rational immunogen engineering. These will also
demonstrate how such integrated approaches can deepen our understanding of key
immunogens and facilitate optimised vaccine strategies against GAS. Ultimately,
these efforts may provide a blueprint for vaccine design targeting other difficult
pathogens of public health concerns.
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4 Present investigations

4.1 Overview

The four papers presented here collectively demonstrate an integrative MS
proteomics strategy for deciphering and combating bacterial pathogens, focusing on
GAS and Streptococcus pneumoniae. Paper I reveals a previously unrecognised
multifunctional role of SLO in binding human plasminogen (PLG), thereby
enhancing GAS-acquired plasmin activity to facilitate bacterial tissue invasion and
immune evasion **°. Paper II introduces a multimodal protein MS workflow,
encompassing de novo antibody sequencing, XL-MS, HDX-MS and modelling, that
identifies a protective conformational epitope of SLO in three-dimensional
conformation, enabling an informative antibody-guided “reverse vaccinology” for

severe bacterial infections 2%,

Building upon these findings, Paper III describes epitope-focused vaccine design
through the de novo protein design of a protective SLO epitope (D3m) and the
multivalent display on a protein nanoparticle scaffold. The resulting vaccine
construct (D3m-NP) induces potent immunogenicity and confers strong protection
in a murine challenge model. Paper IV applies the updated multimodal protein MS
framework to a collection of monoclonal antibodies raised from immunisation of.
PLY, a homologous cytolysin produced by S. pneumoniae. This study successfully
delineates the relationship between epitope recognition and functional outcomes,
also identifies a cross-reactive conserved epitope of protection shared among other
CDCs.

In addition to these four main papers, I have also contributed to completed projects
on M protein-specific antibody research ***** and multienzyme de novo MS
sequencing methodology **°. Readers seeking broader context may refer to these
publications for further information.
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4.2 Paper I: Streptolysin O as a new plasminogen-
interacting protein

4.2.1 Background

Overview of GAS

GAS is a major human pathogen responsible for a broad spectrum of diseases, from
superficial infections such as pharyngitis and impetigo to life-threatening conditions
including necrotising fasciitis and streptococcal toxic shock syndrome *. Globally,
GAS causes more than 700 million non-invasive infections and approximately 1.78
million severe cases each year, leading to over 500,000 deaths °. This prevailing
disease burden arises not only from direct outcomes of invasive infection but also
from post-streptococcal autoimmune sequelae, including rheumatic fever and acute
glomerulonephritis °.

Plasminogen as a host pathogenic factor in GAS pathogenesis

A central element of host sensing and defence against bacterial invasion is the
coagulation-fibrinolysis axis, wherein protective fibrin immobilise and entrap
pathogens **°. GAS interferes with this system by exploiting plasminogen (PLG), a
zymogen essential for fibrinolysis. PLG predominantly circulates in a “closed”
conformation, thereby resisting unnatural activation. Upon binding to fibrin or
cellular receptors, PLG partially relaxes, exposing an activation loop recognised by
tissue plasminogen activator (tPA) or other plasminogen activators (e.g., SKA "),
Subsequent site-cleavage converts PLG into the active protease plasmin, which
degrades fibrin networks and facilitates bacterial dissemination ***>. Multiple GAS
factors, such as PAM (i.e. plasminogen-binding group A streptococcal M-like
protein), a-enolase, glyceraldehyde 3-phosphate dehydrogenase, extracellular
protein factor, and SKA, can recruit PLG to the bacterial surface, thereby enhancing

plasmin activity and facilitating tissue invasion >,

SLO as a multifunctional cytolysin

SLO is a major GAS virulence factor and part of the CDC superfamily. The classical
biological function involves forming pores in cholesterol-rich host cellular
membranes, yet SLO also exerts immunomodulatory effects, helps evade

phagocytosis ***, modulates host inflammatory reactions *°, and augments the
activity of certain streptococcal superantigens *2.

46



4.2.2 Results

PLG-SLO interaction determined by AE-MS

AE-MS was applied to identify plasma proteins that bind recombinant affinity-tag
SLO, compared with two controls: the C5a peptidase and green fluorescent protein.
Across multiple plasma dilutions and statistical analyses, PLG consistently stood
out as the most specific and significant SLO-enriched plasma binder. This
interaction persisted despite the presence of endogenous anti-SLO
immunoglobulins contained in pooled plasma, suggesting a robust association
between SLO and PLG. Other SLO-interacting host factors included proteins
involved in complement regulation, lipid transport, and coagulation modulation,
highlighting the multifunctional strategies SLO employs to adapt within the host
microenvironments.

Enhanced plasminogen activation by host and bacterial activators

A key finding of this study is that although SLO does not directly cleave PLG, SLO
binding markedly increases the efficiency of PLG activation by both host tPA and
the bacterial activator SKA. Chromogenic assays revealed a dose-dependent
accelerated rate in PA catalysing PLM production when PLG was bound to SLO,
compared to free PLG alone (Figure 4a). Once PLG had been converted to PLM,
further addition of SLO did not affect the proteolytic activity of PLM, indicating
that SLO’s role is confined to facilitating the initial conversion process. Importantly,
SLO retained the pore-forming capacity in parallel, suggesting that haemolysis and
PLG binding are mutually compatible functions.

Structural insights into PLG-SLO complexes: HDX-MS and XL-MS

To investigate how SLO binding promotes PLG activation, HDX-MS and XL-MS
were used in combination to obtain complementary orthogonal data:

1. HDX-MS revealed protected regions in PLG (notably within kringle 2 [K2],
peptidase S1 [PSD], and portions of the pan-apple N-terminus domain)
upon complex formation with SLO, implying either direct binding-induced
interfaces or global stabilisation effects. Although no relaxation pattern
equivalent to fibrin binding was observed, the data suggest a local
conformational shift that renders PLG more susceptible to activation
exerted by PAs.

2. XL-MS identified specific lysine-lysine cross-links between domains 1, 3,
and 4 of SLO and the K2, PSD, and PAN domains of PLG. Over-length
intra-protein cross-links within SLO further pointed to a dynamic or “bent”
conformation that accommodates PLG binding, corroborated by
computational simulation that places SLO domain 4 in an inward
orientation.
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Computational docking models of PLG-SLO complex

Integrative modelling integrating XL-MS data generated a plausible architecture of
the PLG-SLO complex. The highest-confidence models placed a bent conformer of
SLO in contact with the K2 and PSD domains of PLG, supporting experimental
HDX-MS data that implicate these regions involvement in complex formation.
Independent experimental evidence further suggests the assemblies of transient
hetero-trimeric complexes comprising either host or bacterial PLG activator that can
cleave PLG more efficiently when PLG is bound to SLO.

SLO-centred interaction networks and implications

Functional enrichment analyses of other plasma proteins associated with SLO (as
derived from AE-MS) revealed associated pathways and networks enclosing
immunoglobulins, complement factors, and coagulation-related proteins. These
results underscore SLO’s multifaceted strategy for bacterial adaption and survival
within the host: in addition to triggering cell lysis, SLO can engage or counteract
various plasma components, eventually producing a microenvironment conducive
to GAS colonisation and dissemination.

4.2.3 Conclusion

A novel moonlighting function of SLO

This research demonstrates for the first time that SLO, well known primarily for pore
formation and immunomodulation, undertakes an additional critical biological function:
binding to plasminogen and facilitating PLG activation by both endogenous and
exogenous activators. Instead of directly catalysing PLG (as SKA does), SLO stabilises
an intermediate conformation of PLG, rendering SLO-bound PLG molecule more
susceptible to activator-mediated cleavage. This cooperative process likely reinforces
GAS’s capacity to penetrate host tissues by dismantling protective fibrin barriers and
circumventing immune defences by targeting non-fibrin substrates (Figure 4b).

Pathomechanism and therapeutic potentials

The integrative network and structural analyses (AE-MS, HDX-MS, XL-MS, and
computational modelling) converge on a mechanism wherein a dynamic SLO
conformation principally interacts with the K2 and PSD domains of PLG. SLO retains
the haemolytic function while effectively priming PLG for enhanced activation,
exemplifying the shared or synergistic roles of GAS virulence factors. Therapeutically,
disrupting the PLG-SLO interface may provide a novel strategy to damper GAS
invasiveness by reducing added plasmin activity without compromising the host
physiological fibrinolytic processes. Given that SLO is highly conserved and expressed
among nearly all S. pyogenes strains, such a targeted intervention may hold broad
therapeutic value.
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Readers seeking additional context detail can refer to the Paper I *° attached.
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Figure 4 | (a) SLO enhances plasminogen (PLG) activation mediated by both tPA and streptokinase
(SKA). (b) Proposed in vivo mechanism of SLO-mediated acquisition of plasmin (PLM) activity in GAS
pathogenesis. Figure taken from Paper I, licensed under CC BY 4.0.
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4.3 Paper II: Conformational epitope mapping via
multimodal MS

4.3.1 Background

Antibody-guided vaccine design

Antibody-guided vaccine design capitalises on knowledge gained from protective
antibodies to develop immunogens capable of eliciting similarly potent immune
responses in vivo. Such “reverse vaccinology” approaches have proven highly
beneficial for viral pathogens such as influenza and HIV **¢, where structural
insights into neutralising antibodies help guide epitope selection and antigen
engineering.

Structural MS for epitope mapping

Although traditional structural techniques (e.g., X-ray crystallography, cryo-EM)
remain the gold standard for elucidating antigen-antibody complexes, they can be
constrained by sample requirements or molecular size limits. In contrast, structural
protein MS methods, particularly XL-MS and HDX-MS, provide valuable and
unique experimental data information when a smaller antigen or heterogenous
antibody samples are indicated:

1. HDX-MS monitors change in deuterium uptake in antigen-derived peptides
to identify epitope regions shielded from solvent exchange upon antibody
binding.

2. XL-MS employs chemical cross-linkers to connect proximate residues at
the antibody-antigen binding interface, generating informative distance
constraints that guide reliable computational modelling.

Used in tandem, these techniques yield complementary information with modest
sample quantities and experimental demands.

Streptolysin O (SLO) and the vaccine potential

GAS continuously causes significant morbidity and mortality around the globe,
largely attributed to the potent, pore-forming toxin SLO, expressed in nearly all
sequenced clinical GAS isolates, is highly conserved and immunologically
important:

1. Current SLO-derived vaccine landscape: Existing multicomponent vaccine
candidates (e.g., Combo4, Combo5, VAX-Al, 5CP) incorporate a
detoxified SLO construct (non-lytic variants). However, a lack of well-
defined neutralising mAbs has greatly hindered epitope-focused vaccine
research and development.
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2. A more rational approach in need: Isolating a SLO-specific, functional mAb
and determining the respective epitope could support next-generation GAS
vaccine design. This study introduces a multimodal MS workflow,
including de novo antibody sequencing, epitope mapping via XL-MS,
pairwise modelling, and HDX-MS, and validation of the epitope’s
conservation level, to showcase the antibody-guided vaccinology against
SLO.

4.3.2 Results

Discovery and characterisation of a neutralising mAb

Initially, available mAbs were screened for SLO binding and neutralisation of SLO-
mediated cytolysis. One murine antibody effectively inhibited SLO-induced sheep
erythrocyte lysis. De novo MS sequencing (involving multi-enzyme proteolytic
digestion) confirmed this mAb’s primary structure, including the CDRs. A predicted
model of the corresponding fragment antigen-binding (Fab) domain served as the
basis for subsequent epitope mapping.

Multimodal MS approach reveals key binding interfaces

A dual structural protein MS approach, combining XL-MS and HDX-MS, was
applied to the investigate native SLO-mADb immune complex:

1. XL-MS and data-driven pairwise modelling

e Cross-linkers of various spacer arm lengths captured in-solution
proximity constraints between SLO and the Fab heavy/light chains.

e Analysis of the generated cross-link distance constraint inferred the
possible interaction interface on SLO to a region primarily located in
domain 3.

e Computational tools (DisVis **’ and HADDOCK %) further refined
these data, excluding distance-violating structural models and
highlighting SLO surface residues implicated in Fab targeting.

2. HDX-MS

e Comparisons of deuterium uptake between the complex state (mAb-
bound) and apo (unbound) state of SLO identified significantly
decreased solvent exchange in a domain 3 region.

e This protection pattern independently corresponded to the XL-MS and
docking derived interface (Figure Sa) and also revealed that SLO’s
overall conformation remained largely unchanged. Thus, neutralisation
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effect appears to result from direct interference with critical pore-
formation steps.

Epitope validation via construct reengineering

To confirm that the identified region alone was sufficient for antibody binding, a
smaller construct (d3_m), encompassing the relevant conformational epitope, was
redesigned and expressed recombinantly. The mAb bound this construct with an
affinity comparable to that of full-length SLO, reinforcing the correctness of the
multimodal protein MS approach.

Conservation and plausible protective mechanism

Bioinformatic analysis of over 2,000 GAS genomes revealed that the identified
mAb-directed epitope of SLO is nearly 100% conserved, emphasising the broad
clinical relevance and efficacy potential. As domain 3 of SLO undergoes substantial
secondary structure rearrangements during pore formation, mAb binding in this
particular region likely impedes oligomerisation or sequential membrane insertion
steps (Figure Sb). Thus, targeting domain 3 could possibly provide a robust, widely
effective immune defence against severe GAS infections.

4.3.3 Conclusion

This work exemplifies how a multimodal protein MS approach encompassing de
novo MS sequencing, XL-MS for interface analysis, HDX-MS for epitope mapping,
and computational modelling, can accurately pinpoint conformational epitopes of
protection on bacterial antigens in near-native conditions. The identified
neutralising mAb recognises a conserved region located in domain 3 of SLO,
affording important insights for future antibody-guided, epitope-focused vaccine
design against GAS infections. By elucidating the relevant epitope involvement in
SLO’s pore-forming mechanism, the study provides both a conceptual and
methodological framework for refining current subunit GAS vaccine strategies and
highlights how integrated proteomics coupled with latest computational biology can
accelerate epitope-targeting immunogen refinement against challenging pathogens
(Figure Sc).

Readers seeking additional contextual information should refer to Paper II **'
attached.
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4.4 Paper III: D3m-NP, an epitope-focused nanoparticle
vaccine

4.4.1 Background

Current GAS vaccine development

GAS is responsible for a diverse range of human infections, from superficial lesions
to life-threatening conditions such as sepsis. Despite extensive research efforts, a
licenced vaccine remains unavailable. Traditional strategies emphasising the highly
variable M protein have met with issues of limited serotype coverage and possible
autoimmune complications. Consequently, more conserved antigens, particularly
SLO, a CDC exotoxin expressed by GAS, are increasingly of interest. Existing
SLO-based vaccine concepts include full-length toxoids and mRNA-LNP
formulations, although such approaches risk eliciting antibodies targeting irrelevant
immunodominant segments of the SLO antigen. Furthermore, variant constructs that
have been modified or fragmented in an ad hoc manner might lose important
conformational epitopes essential for protective immunity.

Novel immunogen design and emerging vaccine modalities

Mapping functionally relevant epitopes in bacterial antigens often presents
considerable challenges, particularly because conventional methods such as alanine
scanning or peptide arrays may fail to define discontinuous binding interfaces (i.e.
conformational epitope) dependent on the protein’s native three-dimensional
structure. However, recent advance in structural proteomics (e.g., HDX-MS, XL-
MS) and computational prediction and design (e.g., AlphaFold, ProteinMPNN) now
allow for the accurate identification and engineering of “epitope-focused”
constructs that retain these critical regions in near-native conformations. Building
on these advances, new vaccine platforms, especially self-assembling protein
nanomaterials, provide an opportunity for displaying surface antigen array with
precise control over presentation, orientation, valency, and stability. By organising
multiple copies of one or more fine-tuned epitopes in a spatially defined manner,
such nanoparticle immunogens greatly enhance B-cell receptor cross-linking and
immune responses within germinal centres. Collectively, these emerging strategies
minimise immunodominant yet non-protective elements while selectively
promoting effective immune responses against functionally important epitopes, thus
laying a robust foundation for novel epitope-targeting vaccines against pathogens
like GAS based on acquired knowledge regarding the virulence factor SLO.
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4.4.2 Results

Design of the D3m nanoparticle immunogen

We began by creating a de novo refined version of SLO domain 3 (D3m) using a
previously identified protective epitope as the starting point. In the native form, the
primary sequence of SLO domain 3 is interrupted by a subsequence from domain 1,
producing a discontinuous domain. Employing ProteinMPNN and AlphaFold, we
replaced this segmented region with a short four-residue linker, generating a new
construct aimed at recapitulating the native conformation of domain 3 located onto
the whole SLO antigen (Figure 6a).

To validate structural fidelity, we then used HDX-MS to compare deuterium uptake
between D3m and the domain 3 region in full-length SLO. Across multiple labelling
intervals, D3m closely mirrored the solvent accessibility profile of native domain 3,
suggesting that the folding and key structural motifs remained intact. Although
minor differences were observed near the N- and C-termini, the data indicated that
D3m closely replicates the intended domain.

Multivalent presentation on 153 _dn5 nanoparticle

Following the successful redesign of domain 3, we sought to enhance immunogenicity
by displaying D3m on a self-assembling protein nanoparticle scaffold. The two-
component 153 dn5 system comprises 153 dnSA pentamers and 153 dnS5B trimers,
which together assemble into a 120-subunit icosahedral nanoparticle. By genetically
fusing D3m to 153 dn5B (forming a D3m-153 dn5B chimera), we enabled multivalent
presentation of the immunogen on the nanoparticle surface.

Size-exclusion chromatography coupled with multi-angle light scattering (SEC-MALS)
produced a prominent peak consistent with the expected molecular weight of the
assembled construct, without signs of protein aggregation. Native-PAGE and negative-
stain electron microscopy also confirmed the assembly and integrity of both the 153 dn5
nanoparticle (NP) and the D3m-displaying variant (D3m-NP). In cryo-EM single
particle analysis, the 153 dn5 core resolved to a global resolution of approximately
4.06 A; however, the flexible linker connecting D3m to the trimeric component resulted
in lower-resolution densities for the displayed immunogen (Figure 6b). Nevertheless,
up to 60 copies of D3m appeared consistently loaded on the NP surface, highlighting
successful assembly of targeted D3m nanoparticle immunogen.

HDX-MS of monomeric, fused trimeric, and nanoparticle states of D3m

We next employed HDX-MS to examine how fusion and nanoparticle configurations
influence D3m’s overall stability and protein dynamics in solution. Three states were
included and compared: (i) monomeric D3m, (ii) the D3m-153 dn5B fused trimer, and
(iii) the fully assembled D3m-NP. Almost complete peptide coverage enabled a robust
and detailed analysis of deuterium uptake pattern across the entire immunogen.
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Overall, monomeric D3m showed the smallest degree of deuterium exchange, implying
arelatively compact fold in solution. The nanoparticle-displayed state displayed slightly
higher solvent exposure in certain regions, while the trimeric construct showed the
largest deuterium uptake. Compared with the monomeric state, the most deprotected
segment in D3m-NP was at the C-terminus, where D3m was connected to 153 dn5B
through a short linker. A hybrid significance test revealed that 11 and a13 were the
motifs most affected in the nanoparticle-displayed state versus the monomer.
Nonetheless, these alterations did not disrupt scaffolded D3m’s overall structural
integrity, indicating that, despite modest changes in solvent accessibility or dynamics,
the presented epitope largely retained the intended conformation.

Mouse immunisation with D3m-NP

To assess and compare the immunogenicity of these SLO-derived constructs (i.e. D3m
and D3m-NP), we injected groups of nine BALB/c mice with either one of three
immunogens: (i) monomeric D3m, (ii) detoxified full-length SLO (dSLO, state-of-the-
art construct), or (iii) D3m-NP, each formulated separately in AddaVax adjuvant.
Equivalent 2 pg of domain 3 was administered to the both D3m and D3m-NP
immunisation groups, whereas 10 pg of dSLO served as a community-standard
comparison. Each group received three doses over two-week intervals, with five mice
designated for immunogenicity studies (cohort A) and four mice reserved for a GAS
infection challenge trial (cohort B).

Sera collected from immunised mice were tested for antibody titres against both D3m
and full-length SLO. All constructs gave rise to domain 3-specific antibodies,
meanwhile D3m-NP induced significantly higher anti-D3 titres than the other vaccines,
reflecting the advantage of multivalent nanoparticle in stimulating B-cell responses
(Figure 6¢). While dSLO also elicited strong humoral immunity, likely directed against
multiple regions of the toxoid, some of which may be immunodominant but not
necessarily protective.

In a haemolysis inhibition assay, sera from all vaccine regimens demonstrated
measurable neutralisation of SLO-induced lysis, albeit to varying degrees. The strong
anti-D3 IgG induced by D3m-NP did not necessarily surpass dSLO-induced IgG in
haemolysis neutralisation. These finding hints that full-length toxoids may include
additional neutralising epitopes or that certain D3m-NP-induced antibodies hold
alternative immune functions beyond mere cytolysis inhibition.

Protection against lethal GAS challenge

The in vivo protective efficacy of these vaccine constructs was further evaluated using
a lethal challenge pilot model with the virulent GAS AP1 strain. Three mice per group
(cohort B) received subcutaneous inoculations of a lethal dose and were monitored for
48 hours. Body weight changes and murine sepsis scores (MSS) served as key clinical
indicators. Mice immunised with D3m-NP showed improved weight loss and lower
MSS, suggesting that disease severity was mitigated.
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Bacterial loads revealed a notable reduction in local bacterial counts for the D3m-NP
group, though disease burdens in distal organs were similar across the three immunised
groups. Flow cytometry showed that D3m-NP-treated mice had elevated white blood
cell and platelet counts, suggesting strong yet balanced immune activation.
Concurrently, lower levels of pro-inflammatory markers (e.g., IL-6, lactate
dehydrogenase [LDH]) and reduced CD11b expression on neutrophils and monocytes
pointed to a more controlled inflammatory response, correlating with improved clinical
manifestations in D3m-NP group (Figure 6c¢).

Overall, D3m-NP immunisation offered improved protection against lethal GAS
infection, outperforming the detoxified SLO construct in immune activation while
retaining a favourable safety immunity profile. By focusing the immune response on
key antigenic determinants in domain 3, the nanoparticle-based vaccine appears to curb
the excessive inflammatory activity often associated with bacterial infection while still
able to promote effective immunity to mitigate GAS infection.

4.4.3 Conclusion

This study demonstrates, for the first time, the potential of an epitope-focused
strategy for GAS vaccine development by targeting a conserved protective region
within the streptolysin O (SLO) domain 3. Using integrative protein mass
spectrometry and deep-learning-based structural tools, we designed a targeted
immunogen (D3m) that preserves native-like structural motifs and protective
epitopes, subsequently displaying these immunogens on an icosahedral self-
assembling nanoparticle scaffold.

Biophysical characterisation, including SEC-MALS, native-PAGE, negative-
staining EM, cryo-EM, and HDX-MS, collectively confirmed the correct assembly
and structural fidelity of scaffolded D3m immunogen. Although the flexible linker
limited D3m’s resolution in cryo-EM reconstruction, indirect measurements still
verified consistent, homogeneous loading of 60 copies of the immunogen per
particle. HDX-MS comparisons across monomeric, fusion-trimeric, and
nanoparticle-displayed states indicated that D3m’s essential conformation remained
intact, despite minor variations in solvent accessibility near the fusion junction.

Critically, immunisation studies in mice showed that D3m-NP elicited significantly
highest domain 3-specific antibody titres among all and conferred clearly improved
protection relative to detoxified, full-length SLO in a lethal GAS challenge model.
The D3m-NP construct stimulated robust immune activation while minimising
inflammatory damage, reflecting a favourable safety immunity profile. Taken
together, these findings underscore the considerable potential of rationally
engineered, epitope-focused vaccines to address longstanding hurdles in bacterial
vaccine research. By preserving pivotal structural epitopes and delivering them via
emerging modalities, such as multivalent protein-based nanoparticles, we can more
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effectively boost targeted immune responses and limit immunodominance hierarchy
stemming from non-functional epitopes.

Moreover, this work not only exemplifies a promising avenue for next-generation
GAS vaccines but also highlights how cross-disciplinary techniques, from advanced
structural protein MS to computational protein design and nanotechnology, can be
harnessed to tackle widespread concerning pathogens equipped with sophisticated
virulence determinants. Future refinements could involve de novo modifications to
further stabilise domain 3’s native-like conformation and the incorporation of
additional protective epitopes of other antigens to broaden the scope of functional
immunity. Nonetheless, the concepts illustrated here are widely applicable and may
accelerate the development of safe and effective vaccines against severe GAS
infection.

Readers interested in more detailed context can refer to the corresponding
manuscript Paper I1I as attached.
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de novo protein design. (b) Cryo-EM micrograph and reconstruction of D3m-NP immunogen. (c)
Immunisation and challenge studies with three different SLO-derived vaccine constructs. Figure taken
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4.5 Paper IV: Structural epitope landscape of
pneumolysin

4.5.1 Background

Streptococcus pneumoniae and current pneumococcal vaccines

S. pneumoniae remains a prominent Gram-positive pathogen that contributes
substantially to global morbidity and mortality, particularly among young children,
older adults, and immunocompromised individuals. Although capsular polysaccharide
(CPS)-based vaccines have greatly reduced the incidence of pneumococcal diseases,
these vaccines are constrained by their serotype coverage and suboptimal
immunogenicity. Meanwhile, non-vaccine serotypes have risen in prevalence, and in
parallel, antimicrobial resistance has intensified, underscoring the need for alternative
or complementary vaccination strategies.

A more broadly protective approach centres on S. preumoniae protein antigens. PLY, a
CDC produced by nearly all pneumococcal strains, is highly conserved and plays
multiple roles during infection, ranging from pore formation on host cell membranes to
immunomodulation, highlighting the biological relevance in pneumococcal
pathogenesis. Therefore, PLY is gaining attention as a promising therapeutic and
vaccine target. However, conventional vaccine designs typically rely on full-length,
detoxified antigens. Such methods may modify native epitopes and accentuate
immunodominant yet non-protective sites, potentially diverting the immune response
from effective epitopes.

Antibody-guided vaccine strategies address these issues by isolating monoclonal
antibodies (mAbs) with protective or neutralising activity, then pinpointing the precise
epitopes underpinning those effects. These defined epitopes can serve as the starting
point for subunit vaccines or novel immunogens that preferentially generate protective
immune responses in vivo. This approach has proven invaluable in viral infection fields,
where in-depth characterisation of antibody-antigen complexes has steered the design
of innovative immunogens.

Pneumolysin: structure and function

PLY is composed of four major domains (D1 to D4), which collectively mediate the
pneumococcal ability to bind host cell membranes, form pores, and induce cell
death. Domain 4 (D4), located at the C-terminus, is critical for membrane binding
and interaction with non-cholesterol cellular receptors. The structural intricacies of
PLY, alongside the conformational shifts PLY undergoes during pore formation,
render epitope mapping particularly difficult. Traditional techniques like peptide
array and alanine-scanning mutagenesis often fall short in identifying discontinuous
or conformational epitopes, similar to other multidomain bacterial antigens.
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Advances in structural protein MS now enable detailed investigation of native
antigen-antibody complexes under near-physiological conditions. In particular,
three complementary MS-based methods, de novo MS sequencing, XL-MS, and
HDX-MS, offer orthogonal insights into binding modes and protein dynamics. De
novo MS sequencing elucidates the primary structures of unknown mAbs, XL-MS
uses chemical cross-linkers to reveal residue-level proximities within antigen-
antibody complexes, and HDX-MS highlights induced protection or deprotection
pattern upon antibody binding. Integrating these techniques not only clarifies the
specific binding sites of protective mAbs but also illuminates how antibody
engagement influences antigen conformation, ultimately linking distinct epitopes to
varied biological outcomes.

4.5.2 Results

Monoclonal antibody binding kinetics and neutralisation potency

A panel of ten mAbs raised against full-length PLY exhibited varying degrees of
protection against PLY-induced cytolysis. Although all ten bound strongly to PLY
suggested by indirect ELISA assays, not all conferred neutralising protection.
Specifically, seven mAbs effectively reduced or abolished haemolysis, whereas three
offered almost no protection at all (Figure 7a).

Moreover, strong binding affinity did not necessarily translate into potent neutralisation,
indicating that the site of epitope engagement, rather than overall affinity, was central
to blocking PLY’s primary cytolytic mechanism. Even among the neutralising mAbs,
neutralisation potency differed considerably, suggesting that multiple binding modes
and epitope diversities exist on the PLY antigen.

Clonotypes and B-cell lineage reconstruction

To better understand these diverse binding profiles, we determined the primary
structures of all ten mAbs by de novo sequencing their heavy (H) and light (L)
chains. Comparative analyses revealed substantial somatic hypermutation, with
varying levels of mutational “depth” in the CDRs. Notably, some clones sharing the
same V-J gene usage nonetheless harboured distinct point mutations in their CDRs,
implying that even minor changes in key residues could alter how each antibody
engages target antigen PLY. In other words, multiple B-cell lineages might
converge on overlapping regions of PLY yet yield different functional outcomes.

Lineage tree reconstruction analysis indicated that the heavy-chain CDRs, in
particular, were highly diversified, aligning with their typical prominence in
recognising antigen. Concurrently, certain mAbs displayed evident “family”
relationships, hinting that they originated from an identical germline precursor but
diverged into unique maturation trajectories culminating in distinct protective
potencies. This variation underscores how S. pneumoniae may leverage
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immunodominance hierarchy to induce suboptimal or non-protective antibody
responses; nevertheless, this result also reveals that rare but highly effective
neutralising clones can still emerge. By exploring these lineage relationships, we
gain insights into how specific combinations of somatic mutations correlate with
functional changes in epitope recognition, ultimately shaping the spectrum of
protective efficacy.

Structural epitope landscape

XL-MS of each mAb-PLY complex mapped cross-linked sites and revealed that
domain 4, the region responsible for binding to cellular and membrane insertion,
was frequently targeted by neutralising clones. Some mAbs also interacted with
other adjacent domains, reflecting PLY’s conformational flexibility and domain
movements. Nonetheless, domain4 consistently emerged as a “hot zone” for
functionally important interactions (Figure 7b).

Multiple cross-links involved residues near motifs previously implicated in
membrane binding. Among neutralising clones, distinct cross-link patterns
indicated that small differences in epitope recognition could yield substantial
variations in protective outcome. Some mAbs preferentially cross-linked to a
specific lysine residue in domain 4, whereas others displayed a broader cross-link
distribution, possibly reflecting secondary Fab interactions or transient binding
events across neighbouring domains.

To complement these data, HDX-MS revealed solvent accessibility patterns upon
antibody binding. Potent neutralisers consistently protected domain4 residues
critical to PLY’s cell membrane interactions. Other clones showed protection or
deprotection patterns in domain 3, suggesting alternative protection mechanisms
that may destabilise PLY or hinder oligomerisation. In each case, the region of
protection correlated with neutralisation potency, illustrating how epitope targeting
and engaging directly influences functional outcome.

Identification of a broadly conserved epitope

One intriguing protective mAb, clone 6ES, bound a highly conserved region in
domain 4 that overlaps with the undecapeptide loop, an element known to be vital
for membrane recognition in PLY and other CDCs. Further tests indicated that 6ES
recognised not only PLY but also several other CDCs secreted by diverse bacterial
species, inhibiting corresponding haemolysis across multiple CDC families. This
broad-spectrum reactivity underscores the existence of a structurally and
evolutionarily conserved motif within CDCs, pointing to a promising avenue for
developing therapeutic or vaccine strategies that offer cross-species protection
(Figure 7c).

62



4.5.3 Conclusion

This study showcases the robustness and generalisability of the multimodal protein
MS workflow, namely de novo MS sequencing, XL-MS, and HDX-MS, to elucidate
the spectrum of antigenic determinants on PLY. By examining ten mAbs exhibiting
varied neutralising potencies and biological functionalities, we demonstrate that
high affinity alone does not necessarily translate into the desired functional
outcomes.

Among the notable findings is the identification of domain 4 as a crucial hub for
protective epitope engagement, underscoring the significance in pneumococcal
pathogenesis. Equally noteworthy is the ability of the 6E5 clone to recognise a
conserved loop in domain 4, a region that provides broad cross-species reactivity
and protection against other CDCS. This discovery highlights the possibility of
developing universal therapeutics or next-generation vaccines that exploit common
structural motifs in virulence factors originating from diverse bacterial species
background.

The methodologies and conceptual framework detailed here can also be adapted for
interrogating other challenging bacterial or viral pathogens. Rather than relying on
full-length antigens inevitably subjected to immunodominance, future vaccine or
therapeutic antibody designs may focus on functionally critical epitopes to block or
interrupt key disease mechanisms. In this manner, improved structural knowledge
of epitope-paratope interactions offers a path to more targeted and safer strategies
for combating infectious agents.

From a pneumococcal vaccine standpoint, our findings underscore how selective
epitope targeting can strengthen protective responses, a fundamental consideration
given the rise in antimicrobial resistance and the increasing prevalence of non-
vaccine serotypes. By applying robust, epitope-focused designs to clinically
significant virulence proteins, particularly those reliant on CDC mechanisms,
researchers can pursue broader-spectrum interventions with superior efficacy.

Readers seeking further details are encouraged to consult the attached manuscript
Paper 1V.
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5 Discussion

The collective body of work presented in these four papers emphasises a unifying
theme: how a multimodal mass spectrometry (MS) approach can unravel new
dimensions of bacterial virulence and guide the rational design of optimised vaccine
candidates. Focusing on two clinically important yet complex bacterial antigens as
SLO and PLY, these studies combine orthogonal multimodal protein MS with
integrated structural biology to systematically profile host-pathogen interactions,
accurately identify immunologically relevant epitopes in 3-D space, and critically
evaluate epitope-focused immunogens and deciphering functional correlates of B-
cell immunity. This section will start with novel aspects/highlights of the present
investigations, followed by a critical discussion highlighting the limitations of the
present work.

5.1 Highlights

5.1.1 Uncovering multifunctional roles of streptolysin O

Historically, SLO has been viewed primarily as a CDC exotoxin that disrupts host
cells primarily through pore formation. Paper I, however, reveals a previously
underappreciated function: SLO can also bind human PLG, thereby enhancing PLG
conversion to plasmin by endogenous (e.g., tPA) and exogenous activators (e.g.,
SKA). By stabilising an intermediate SLO-PLG conformation, SLO effectively
renders PLG more susceptible for proteolytic cleavage, resulting in increased
plasmin production. This moonlighting function of SLO provides new insight on
how GAS navigates the host coagulation-fibrinolysis axis to promote bacterial
spread and immune evasion. The fact that SLO is highly carried across GAS strains
and highly conserved PLG-binding motifs underscores the broad relevance of this
pathomechanism.

5.1.2 Multimodal MS in antibody-guided epitope-mapping

Paper II extends from exploring generic host-pathogen interactions to focusing
defined immune complexes by mapping protective epitopes on SLO via a
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multimodal protein MS workflow. By combining HDX-MS for surface solvent
accessibility patterns, XL-MS for generating distance constraints, and de novo MS
sequencing for monoclonal antibody (mAb) characterisation, the study shows how
orthogonal techniques synergise to identify an unreported epitope critical for
neutralising SLO-mediated haemolysis. In contrast to state-of-the-art structural
epitope mapping techniques that demand large amounts of purified antigen-antibody
complexes or strictly sized target molecules, the MS-based approach can operate
with relatively small sample volumes, accommodate a broad range of molecular
sizes, and analyse under near-physiological solution conditions. This
methodological versatility enables unique interpretation and measurement into
antibody-binding interfaces, including conformational or discontinuous epitopes
that might be invisible to conventional tools like peptide array or Alaine-scanning
mutagenesis.

5.1.3 Epitope-focused bacterial vaccine design

Building on epitope-targeting structural vaccinology, Paper III demonstrates the
practical utilisation of these structural data by engineering an optimised immunogen
(D3m) encompassing a crucial protective epitope of SLO. Rather than relying on
full-length toxoids or uncharacterised fragments of SLO, this epitope-focused
strategy is achieved with an emerging self-assembling nanoparticle presentation
system (I53_dn5). We show that multivalent display of D3m on the nanoparticle
surface greatly boosts antigen-specific antibody titres and confers improved
protection in a pilot mouse model of invasive GAS infection challenge. Notably,
while high antibody titres against domain 3 of SLO do not always equate to maximal
neutralisation of haemolysis, the overall protective benefit stands out among all
tested SLO-derived vaccine constructs. The study illustrates that structural fidelity
of the relevant epitope, combined with enhanced immunogen presentation, can elicit
a more targeted functional immune response, in this instance, a balanced yet
protective inflammatory profile that effectively limits disease severity.

5.1.4 Expanding the paradigm to S. pneumoniae

Turning to another major pathogen of public health concern, Paper IV adapts the
established multimodal MS pipeline to PLY, a significant cytolysin of S.
pneumoniae. By examining a panel of monoclonal antibodies with diverse
functionalities derived from PLY immunisation, the work illuminates how strong
binding affinity alone, though benefitting from extensive affinity maturation process
in vivo, is insufficient to guarantee robust protective activity. Instead, epitope
recognition and engagement, particularly in domain 4 of PLY, appears crucial in
interfering with membrane binding and other receptor recognition. Additionally, the
discovery of a trans-species, highly conserved epitope targeted by a potent
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neutralising mAb further highlights the potential for wide-spectrum protection
targeting other CDC-family toxins. This suggests a blueprint for extending specific
epitope-focused immunogen design to a wide range of microbial pathogens that rely
on homologous virulence determinants and similar virulence mechanism.

5.1.5 Overarching Significance

Collectively, these investigations illustrate both the technical versatility and the
necessity of combining complementary MS-based techniques. Functional
proteomics (affinity-enrichment paired with network analysis) reveals unexpected
roles of bacterial toxins in host systems, while structural proteomics (HDX-MS, XL-
MS, and computational modelling) pinpoints discrete interfaces or epitopes critical
to bacterial pathogenicity and host immunity. The resulting insights not only deepen
our understanding of SLO’s human-adapted virulence and diverse epitopes in CDCs
but also highlight how rationally targeting well-defined structural epitopes can lead
to more focused, and potentially more effective, vaccine development.

Moreover, these findings speak to a larger theme in molecular immunology and
structural vaccinology: success often centres on identifying functionally relevant,
conformationally correct epitopes rather than indiscriminately utilising entire
proteins as antigen vaccine. By localising protective regions of true biological
relevance within toxins such as SLO or PLY, it becomes feasible to engineer and
refine vaccine constructs that elicit high titres of functional antibodies, while
minimising the deviation of immune responses to non-protective or
immunodominant decoy regions.

5.1.6 Bridging pathogenesis and translational research

An integrated takeaway is that investigating bacterial toxins at high spatial
resolution can converge fundamental pathogenesis research with translational goals,
including the design of therapeutic drugs and novel vaccine prototype development.
The synergy of functional and structural proteomics fosters a twofold gain: (i) a
systematic map of a host-pathogen PPI network that features critical molecular
events, and (ii) a route to next-generation immunogens that are less prone to pitfalls
like immunodominance hierarchy effect and suboptimal immunity.

In essence, these four papers jointly set an example for how the relevant research
communities might further combine omics-level research, analytical advance in MS,
computational modelling, and immunobiology to tackle with pressing challenges in
bacterial infectious diseases. The framework provided herein, comprising
identifying understudied host-pathogen association (Paper I), mapping structural
epitopes (Papers II and IV), and translating these biological insights into epitope-
focused vaccines (Paper III), demonstrates a sequential process of discovery,
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validation, and application. It’s a roadmap that can be extrapolated beyond SLO or
PLY to other important streptococcal virulence factors, as well as to entirely
different classes of complex pathogens.

5.2 Critical discussion

5.2.1 Limitations of a multimodal MS approach

While a multimodal protein MS strategy offers a powerful toolkit for delineating
protein-protein interfaces and epitopes in general, several challenges remain. First,
data interpretation from experiments like HDX-MS or XL-MS can be confounded
by in-solution protein dynamics, such as flexible linkers often found in multi-
domain molecule or transient conformations. Although the integration of
computational docking can help reconcile conflicting data, the approach heavily
relies on data quality and robustness of restraint parameters. An incomplete or noisy
dataset (e.g., low coverage in HDX-MS or low-confidence/conflicting cross-link
identification) can skew the resulting models, leading to uncertainties in epitope
delineation or protein complex architecture building.

Second, designated experiments prior to MS analysis pose another practical
constraint. AE-MS approaches depend on the relative abundance of prey proteins in
mixture and the absence of interfering factors. On the other hand, HDX-MS
typically demands rather high protein purity and protein stability to preserve the
structural integrity of investigated proteins/protein partners. These experimental
conditions may not perfectly mimic native physiological condition in vivo, where
concentration gradients, competition by other host factors, and local
microenvironments can alter protein binding profiles.

Moreover, chemical reactivity and residue specificity of cross-linker can hamper or
obscure the identification of critical interactions. If reactive sites are not suitably
positioned within/close to the binding interface, XL-MS might fail to capture the
relevant cross-links, leading to absence of informative distance constraints.
Conversely, promiscuous cross-links outside the actual epitope can lead to false
positives. Thus, our studies have managed to mitigate these obstacles through
incorporating more options in each step from experiment (replicates, multiple
linkers) to data analysis (multiple search engines) and interpretation (computational
tools), but the approach remains technically nontrivial and must be carefully
optimised for each protein system.

In the future, incorporating more established structural protein MS approaches (e.g.,
protein footprinting MS, native MS, limited proteolysis MS) could enhance the
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reliability and provide additional complementary data, ultimately leading to more
definitive conclusions backed by solid experimental evidence.

5.2.2 Interpreting in vivo relevance

A common question arising from functional and structural proteomics is the extent
to which in vitro findings translate to in vivo complexity. The demonstration in
Papers II and I1I that rationally determined epitopes confer protection in a pilot
experimental mouse model represents a step toward bridging this gap. However,
immune responses in humans, with diverse genetic backgrounds and immune
exposure histories, can exhibit unanticipated complexities: individuals may generate
distinct sets of immunoglobulins, or the same epitope might engage different B-cell
lineages with variable protective capacities. Additionally, the interplay between
humoral and cellular immunity can differ profoundly in real-word scenarios from
the tightly controlled animal models frequently used in preclinical trials.

In the case of SLO, for instance, the synergy between plasminogen manipulation
and pore-forming activity (Paper I) could play out differently in microenvironments
where competing host proteins or other immune factors intervene. Similarly, the
structural findings in PLY epitope mapping (Paper IV) might not encapsulate all
constraints that arise in advanced pneumococcal infections, such as biofilm contexts
or partial immunity originating from prior exposure. These considerations
underscore the need for iterative validation of cautions in more sophisticated or
more refined models that better approximate human infection physiology.

5.2.3 Balancing neutralising effect versus immune modulation

Another interpretative challenge is dissecting which immunological mechanisms
are primarily responsible for protection, within the context ranging from a specified
virulence factor to the whole pathogen. Papers II and III illustrate that high
antibody titres directed at domain 3 of SLO do not consistently translate to stronger
haemolysis inhibition in vitro. These findings suggest that some elements of
protective immunity induced by domain 3 immunisation may not be entirely reliant
on neutralisation. Instead, corresponding opsonisation, enhanced phagocytic
clearance, or cooperative T-cell responses could play a critical role here.
Conversely, sole neutralisation of pore formation might not suffice if the pathogen
employs additional virulence factors that circumvent immune responses, or simply
that SLO’s other critical pathomechanisms (known or yet unexplored) are not
affected. Thus, a purely epitope-centric perspective, while valuable, cannot fully
capture the nuanced immunological interplay at the bacterial organism level.

Similarly, domain 4 in PLY proved a prevalent target for neutralising antibodies in
Paper IV, but other tested clones could recognise epitopes that may reduce toxin
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oligomerisation or imply other protection mechanisms rather depriving PLY-
binding to the membrane. Even potent neutralisers might fail to achieve full
protection if they do not promote effective bacterial clearance. As the field leans
more heavily on structural methods to rationalise immunogen design, it becomes
critical to integrate more functional assays that capture the broader range of immune
effectors beyond merely straightforward toxin neutralisation. It also underscores the
need for deeper investigation into how antibody-mediated functions correlate with
factors beyond specific paratope structure, such as antibody isotype, subclass, and
Fc glycosylation.

5.2.4 Implications for vaccine composition

Results across these four papers highlight a tension between epitope-focused vs.
full-length/fragments of antigen approaches, especially in bacterial infection field.
Epitope-focused constructs (e.g., the D3m domain in Paper III) are attractive for
precisely guiding the immune system toward functionally relevant targets,
potentially minimising immunodominance of nonprotective sites. Yet, eliminating
large segments of the antigen might exclude beneficial T-cell epitopes or synergy
with other protective B-cell epitopes. Indeed, full-length toxoids are almost
inevitably prone to generate an overabundance of non-functional antibodies, as an
evolutionary host-adapted bacterial defence mechanism.

A nuanced resolution could involve combining carefully curated epitopes spanning
either one or multiple virulence determinants, each carefully validated by structural
and functional methods, into fine-tuned multicomponent vaccine formulations. This
approach may recapitulate the coverage of an effective broad-spectrum subunit-
based vaccine while preserving structural integrity for each critically relevant
epitope. Nevertheless, the complexity and R&D costs for such next-generation
vaccines can rise rapidly.

5.2.5 Technological and conceptual advance

Finally, the synergy between omics-driven analytics (e.g., proteomics,
immunopeptidomics) and structural analytical techniques (e.g., cryo-EM, advanced
protein MS) is rapidly evolving. Tools like deep learning-based protein structure
prediction (AlphaFold) and generative protein design (ProteinMPNN) substantially
accelerate epitope construct optimisation and de novo designed immunogen
engineering. Still, these computational models can miss subtleties inherent to real-
world infection and in vivo immunogenicity. Thus, the future likely hinges on an
iterative workflow: predict, screen, validate via MS-based proteomics, refine the
design, and revalidate in vivo. As technology evolves, the field must maintain a
balance between the high-throughput and precision offered by advanced algorithms
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and the biological realism mandated by functional profile assays in relevant host
environments.

In summary, while these four papers collectively demonstrate the promise of
multimodal MS to elucidate host-pathogen interactions and to guide epitope-
focused vaccine design, the road ahead involves refining these methods for broader
application, ensuring that in vitro gained structural insights correlate accurately with
effective in vivo immunity, and navigating the complexities of real-world human
immune systems to achieve desirable functional outcomes.
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6 Conclusion and future perspectives

6.1 Conclusion

Across the four papers, a recurring narrative emerges: functional proteomics,
structural proteomics, de novo protein sequencing, and data-driven computational
modelling enables detailed characterisation of understudied bacterial virulence
mechanisms and opens new avenues for epitope-targeting vaccine design. For GAS,
the discovery of a plasminogen-binding role for SLO challenges the conventional
view of CDC toxins as mere pore formers on cellular membranes, while integrated
multimodal MS workflows reveal critical, conformation-dependent epitopes.
Translating these insights, engineering an optimised epitope and displaying
redesigned epitopes on a nanoparticle scaffold yields a protective immunogen that
holds promise for further refinement and broader implementation. Extending the
multimodal MS methodology to PLY underscores the universality of this approach
and hints at trans-species pathogen applicability.

Looking ahead, the synergy of advanced protein MS, computational biology, and
immunology stands to redefine how bacterial vaccines are strategically conceived
and optimised. By combining accurate epitope mapping with novel immunogen
presentation/delivery system, we can further accelerate the development of next-
generation  immunotherapies that specifically targets key  bacterial
pathomechanisms, affording a promising solution to both persistent and emerging
infectious diseases.

6.2 Future perspectives

6.2.1 Toward enriched MS and integrated structural biology

A logical next step is to broaden the application of these integrative MS workflows.
While the current papers concentrate on SLO, pneumolysin, and their respective
antibodies, other CDC-related proteins or unrelated other GAS virulence factors
could be explored in the same manner. By optimising steps such as automating XL-
MS cross-linking workflows or adopting newly developed HDX-MS DIA
workflow, we could handle higher-throughput projects encompassing multiple
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toxins, more diverse antibody panels featuring monoclonal or polyclonal antibodies,
or clinically derived samples. Realising this vision requires closer manipulation
among advanced automation, analytical upgrade and data analysis. Another key
avenue is further integration with classical biophysical techniques such as X-ray
crystallography, small-angle X-ray scattering, NMR, and cryo-EM, to broaden the
scope of integrated structural biology.

6.2.2 Incorporating T-cell epitope analysis

Although these studies shed light on B-cell focused protective epitopes, effective
vaccines often rely on T-cell involvement for establishing long-term immune
protection. Incorporating T-cell epitope mapping, possibly via emerging MS-based
immunopeptidomics and prediction algorithms (e.g., NetMHC) validated against
various MHC molecule binding assays, could highlight linear peptides of
significance that enhance immunogenicity and immunological memory. A
combined B- and T-cell synergy might resolve certain challenges, such as why some
constructs yield high antibody titres but relatively modest effects. The next wave of
epitope-focused vaccines could thus harness both arms of adaptive immunity in a
purposefully designed manner.

6.2.3 Pushing vaccine platforms

Beyond the [53_dn5 nanoparticle system highlighted in Paper III, numerous self-
assembling scaffolds (e.g., ferritin, E2 protein, virus-like particles) could be tested
for presenting defined epitopes of interest. Each platform offers distinct advantages
in geometry, thermostability, and valency choice. Tailoring a nanoparticle to the
orientation demands of a specific epitope domain might improve vaccine efficacy.
Future designs might also include modular compartments for combining multiple
epitopes, spanning different domains of a toxin or even bridging other toxins and
important immune determinants. Simultaneously, rational adjuvant selection could
further optimise T-helper responses and immunological memory formation.

6.2.4 Exploring cross-pathogen protection

The cross-reactivity data from Paper IV, where an anti-PLY mAb recognised a
physiochemically and structurally similar region present in multiple CDC toxins,
prompts the exciting possibility of a universal vaccine targeting CDC families.
Identifying the functionally crucial conformational epitope that share among the
CDC family could be the springboard for an immunogen with protective potential
against multiple pathogens (e.g., S. pyogenes, S. pneumoniae, Listeria
monocytogenes, or Clostridium perfringens) simultaneously. To achieve this would
require systematic screening of relevant toxins, verifying that each share
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conformationally similar structural motifs for sufficient cross-species neutralisation,
and designing an immunogen robust enough to account for subtle species-specific
variations in the backbone residues.

6.2.5 Clinical translation and regulatory pathways

To progress from lab bench findings to real-world applications, pipeline
optimisation is paramount. Preclinical immunogenicity tests must scale to more
diverse models, possibly including non-human primates or genetically modified
mouse strains (e.g., human transgenic strain). Efficacy must be evaluated against
diverse clinical isolates, representing epidemically dominant strains. Moreover, a
successful transition to clinical trials demands rigorous assessment of vaccine
safety, immunological correlates of protection, and manufacturing feasibility.
Regulatory bodies often require extensive data on batch consistency, adjuvant
safety, and universally arised immunogenicity, challenges that become especially
pronounced for novel protein-based nanoparticle platforms or redesigned epitope
constructs.

6.2.6 Hybrid approaches: computation meets experiment

Contemporary advances in protein structure prediction (e.g., AlphaFold and
Rosetta) and generative protein design (e.g., ProteinMPNN) streamline the de novo
creation of stable epitope and the supporting scaffolds. The synergy between these
computational methods and MS-based validation holds great potential. In an
iterative loop, a hypothesised immunogen structure can be swiftly generated in
silico, expressed recombinantly, and then probed by HDX-MS and XL-MS to verify
actual folding and epitope solvent accessibility (exposure). Incorrect folding or
undesired instability can be corrected in subsequent iteration loops of design-
production-validation. This cycle could drastically accelerate optimal immunogen
engineering compared to trial-and-error methods of the past.

6.2.7 Potential impact beyond bacterial toxins

While the immediate work centres on bacterial cytolysins, the conceptual
underpinnings, distilling a protein’s functional “Achilles’ heel” into a tractable
epitope, could apply equally to biologically relevant bacterial, viral, or parasitic
antigens. The workflow for epitope identification and structural confirmation is
readily adaptable. If the critical neutralisation site of a given pathogenic antigen is
revealed, a stable immunogen preserving that site can be computationally designed,
validated by MS and other biophysics methods, and then tested for in vivo efficacy
in immunisation models. Over time, these multi-epitope or multi-pathogen vaccine
constructs could lessen the need for repeated immunisation in response to emerging
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variants, provided that the chosen epitopes are sufficiently conserved, a feature
readily verified through high-throughput genomic approaches.

6.2.8 Conclusion of prospective vision

To summarise, the future of bacterial vaccinology appears poised to shift from
broad-spectrum guesses to meticulously engineered constructs guided by robust
structural data. The four papers featured here illustrate a miniature of that transition,
revealing uncharacterised functions of a classic toxin, delineating precise
neutralising epitopes, and validating novel vaccine modalities in vivo. As more
groups adopt and refine these MS-based and computational strategies, one can
anticipate a cascade of improved immunogens tailored to inhibiting key virulence
functions with minimal collateral issues such as immunodominance hierarchy or
autoimmunity risks. Ultimately, these developments promise to accelerate the
delivery of safer, more effective bacterial vaccines, addressing a global need for
innovative disease prevention in the face of rising antibiotic resistance.
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