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ABSTRACT

In recent years, the threat of antibietésistant bacteria has become increasingly concerning.
Vaccines are crucial tools in the fight against antimicrobial resistance (AMR), and multivalent
polysacchariddased vaccines are promising candidates for esddrg this issue. However,
developing these vaccines requires additional efforts, e.g. in terms of immunological evaluation
including eventual immunoterference, development of analytical methods for determining the

characteristics of single antigensdahe stability of the final multivalent combination.

Generalized Modules for Membrane Antigens (GMM#)d glycoconjugation were compared for
the development of an-@ntigenbased tetravalent vaccine against Shigella, leading bacterial cause
of diarrheal disease in lewand middleincome countries(LMICs). GMMA offers good
immunogenicity, functionality, and simplified manufacturing, making it a viable strategy for vaccine

development.

Originally targetingShigellastrainsS. sonneandS. flexnerilb, 2a, and 3a, the vaccine's multivalency
was expanded to hexavalency by adding glycoconjugates a§alnstnellalyphi and Paratyphi A.

This combination could address a significant unmet need and substantially contribute to AMR
reduction. The technical feasibility of combining these six antigens was demonstrated, with no

negative impact on the humoral immune respetiséed by each of them in different animal models.

The S. flexneriO-antigens have identical sugar compositions, posing challenges for individual
guantification. To address this, a liquid chromatogramiags spectrometry method was developed

to differentiate monomers based on their linkages in Ha@ti@en chain.

Assessing vaccine stability is critical for safe and effective patient administration. Accelerated
stability studies on the tetravale@higellaGMMA vaccine have been conducted, and predictive
models established to foresee vaccine behavior during storage and expedite vaccine development.

Overall, this work advances multivalent sacchabdsed vaccine development, contributing to AMR

reduction and public health efforts.
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1. | NTRODUCTI ON

1.1. Antimicrobial resistance (AMR): a global threat to public health

The introduction of antibiotics in the 2@entury marked one of the greatest medical breakthroughs,
initiating a fAgolden ageo of antibiotic disc
overuseand misuse of antibiotics in humans and anirhalge driven the emergence of multidrug
resistant pathogenmaking infections harder to treat and complicating procedures such as surgeries,
chemotherapy, and organ transplagiging rise to the currerantimicrobial resistance (AMRYisis

[1, 2]. Indeed, AMRhas emerged as one of the leading public health threats oftber2tiry[3, 4],

beconing an endemic and widespread problekithough it affects higincome countriegHICs),

the burden is disproportionately higher in laamd middleincome countries (LMICHp, 6].

AMR developswhen microorganisngs bacteria, viruses, fungi, and parasitesutae over time
causing antimicrobial drugs to become less effective or even ineffective in triedéogons[7].
This not only complicates infection treatment but also increases the risk of disease spread, leading to

higher rates of severe illness and mortality.

Severafactors facilitate the rapid spread of AMIRLMICs, includinguncertain access to safe water

and proper hygiene conditionand quality healthcare systems restricted to a minor part of the
population Moreover, gboptimal management and control of dregistant infections in both
hospital and agricultural settings, together with likgh spread of resistant pathogens during food
production and processing, have significantly contributed to the issue. Additional factors include
inadequate access to affordable drugs, vaccines, and diagnostics, as well as a general lack of

awareness and undgsding of AMR][6, 8].

In 2019, a global estimate of the burden of bacterial AMR revealed that 1.27 million deaths were
attributable to AMR directly caused by ineffective treatmeot drugresistant infectiors while

4.95 million deaths were associated with AMR, indicating that resistance was present even if not the
sole cause of death. The highest burdens were obser@at-Baharan Africa and South Asia, with

six leading pathogens driving thedeaths Escherichia coli Staphylococcus aureulebsiella
pneumoniag Streptococcus pneumonja&cinetobacter baumannand Pseudomonas aeruginosa
(Figure 1.1) [9]. Several of these are part of the ESKAPE group, a set of mukidsigfant bacteria

for which effective therapies are urgently neefdy.

A subsequent studit1] presenedthe first comprehensive assessment of the global burden of AMR
from 1990 to 2021, withorecasts extending to 203Betweerl990and2021, deathsaused bAMR
10



decreased bpver 50% among childremnder5 years while they increased by more than 80% in
adults aged 70 and oldéfigure 1.2). Projections for 2050 suggest that AMR could be responsible
for approximately 1.91 million deaths directly attributable to resistance and 8.22 million deaths

associated with it on a global scale.

Resistance
[ Associated with resistance
I Attributable to resistance

Deaths (count)

Pathogen

Figure 1.1 Global deaths (counts) attributable to and associated with bacterial antimicrobial
resistance by pathogen, 20R&produced frorf].

Year Associated Attributable
1990 =95 years

N 2021 90-94 years
85-89 years

80-84 years
75-79 years
70-74 years
65-69 years
60-64 years
55-59 years
50-54 years
45-49 years
40-44 years
35-39 years
30-34 years
25-29 years
20-24 years
15-19 years
10-14 years
5-9 years
2-4years
1-2 years
6-11 months
1-5 months

! Neonatal !

T T T
750000 500000 250000 50000 100000 150000 200 000
Age specific deaths

Figure 1.2.Deaths attributable and associated with antimicrobial resistance, by detailed age group,
for 1990 and 2021Reproduced frorfiL1].
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Over the last few yearthe World Health Organization (WHQO) and numerous other authotiaes

called for coordinated action to tackle AMR. In 2015, the WHO launched the Global Action Plan
(GAP), emphasi zing t he nwhehinvdlvesjointeffofis@cross hbihean | t h
health, food production, animal, and environmental sectors to achieve improved public health
outcomeqd12]. That same year, the WHO introduced the Global Antimicrobial Resistance and Use
Surveillance System (GLASS), a standardized system for collecting, analyzing, and sharing AMR
data from all countriefl3].

In 2017, the WHO published the Bacterial Priority Pathogens|[lLi§}, which was later updated in

2024 [15]. This document identifies bacterial pathogens of public health significance to guide
research, development, and strategies for preventing and controlling MIRs report bacteria

were classified as critical, high, or medium priority, according to the urgency of need for new
preventive strategied5] (Figure 1.3). Furthermore, the report emphasizes that addressing AMR
within the human health sector requiggsbal efforts focused on several key areas: robust infection
prevention and control measures, equitable access to diagnostics and treatment, vigilant surveillance
to detect emerging trends in AMR, and substantial investment in research and developthent for

creation of new medicines, diagnostics, and prevention fbs]s

A major step forward in the fight against AMR occurred in 2019 with the launch of the AMR Multi
partner Trust Fund (AMR MPTF), designed to enhance support for LMIfasingthe AMR threat
[16].
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1.1.1. Resistance mechanisms to antibiotics

Antibiotic resistance is driven by several mechanifhi$ and occurs naturally, but the emergence
and spread of new resistance mechanisms may have been greatly accelerated by the overuse anc
misuse of antimicrobiald 8]. Indeed, tpbal antibiotic consumption has increased by 65% from 2000

to 2015, mainly in LMICs, and is projected to triple by 2030 without appropriate intervefifjns

Antibiotics may either destroy bacteria (bactericidal) or inhibit their growth (bacteriostaticare
groupedbased on the cellular target or metabolic process they digdypnhibitors of cell wall
synthesis (e.g.,b-lactams and glycopeptides);2)( inhibitors of protein synthesis (e.g.,
aminoglycosides, tetracyclines, oxazolidinonesd) iphibitors of nucleic acid synthesis (e.g.,
quinolones, fluoroquinolones, rifamycins}) {nhibitors offolic acid metabolism(e.g., sulfonamides

and trimethopriny and(5) cell membrane disruptors (e.g., polymyxifiy, 20}

Bacteria may naturally exhibit resistance to antibiotics, but they can also acquire resistance through
chromosomal mutations @acquisition of genetic materiaia horizontal gene transf¢l, 22] A
bacterial strain is considered intrinsically resistant when it resists the effects of a specific antibiotic
because the antibiotic's target is either absent or structurally/chemically different. In addition to
intrinsic resistance, bacteria can develop acquire antibiotic resistance through three main
mechanismgFigure 1.4) [21, 22]

(1) Restriction of antibiotic access to the target. Bacteria can reduce the permeability of their outer
membraned either by downregulating porins or expressing more selectivedomeshey can

actively expel antibiotics through efflux pumps. Overexpressionhegd efflux pumps, often
resulting from mutations in transcriptional regulators or as an adaptive response during host
colonization, can lead to high levels of resistance. When these pumps have broad substrate specificity,
they contribute to multidrug regance (MDR) and are referred to as MDR efflux pumps.

(2) Modification of theantibiotic target To exploit their function,@ibiotics typically bind to specific
bacterial targets, thereby disrupting essential physiological processes. Bacteria can impair this
binding either byproducing mutant variants of the target through point mutations or genetic
recombination, omtering the target podtanslationally via the addition of chemical groups by

specific enzymes.

(3) Antibiotic inactivation Bacteria can neutralize antibiotics by expressing enzymes that either
degrade the antibiotic molecules or chemically modify them, which prevents effective binding to their

targets.

14
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Figure 1.4. Main mechanismmediating atibiotic resistanceReproduced fror21].

Since resistance evolves rapidly against each new class of anttidtén emerging shortly after
their introduction[23]¥2and new effective drugs are increasingly hard to deyéiap clear that
relying solely on antibiotics is insufficieffs, 24]. Thereforeto combat AMR scientific research is
now focusing extensively on innovative, alternative strategiesntegratecipproactthatcombines
novel antibiotics with the use of vaccinesgiagnostic tools, monoclonal antibodies, microbiota
interventions, and bacteriophagesassiderech more effective solutioj2l1, 25, 26]
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1.2. The role of vaccines inraddressingantimicrobial resistance

Preventing disease ¢sucialin the fight against AMR, and vaccines are central tostinggegy[2, 21,

27,281 Since the introduction of Jennaercénsidenedac Cc i |
one of the most successful public health interventions preventing millions of deaths, improving the
quality and prolonging life expectan{39]. Vaccinesvork through multiple mechanisms to reduce

AMR [30]. They not onlydirectly prevent or reduce lifehreatening diseas@ghereby decreasing
healthcare costs and peasfection sequelak but alsandirectly limit the use of antibioticgeducing

the symptoms that usually trigger thase[21]. This effect has been demonstrated by studies that
report reductions in antibiotic prescriptions ranging from 13% to, &#wnly limiting drug use but

alsodecreasig the spread of resistan&, 32]

Alongside hygiene measurg33], vaccines and antibiotics are essential in controlling infections
Antibiotics arethe only lifesaving tool during acute bacterial infectipmghereas a&ccines prevent

the initiation of infections, thereby limiting bacterial proliferation and reducing opportunities for
mutation[34]. In contrast, antibiotics must treat ongoing infections where bacteria multiply and
mutate, often selecting for resistant variants. Moreover, while antibiotics typically target a limited
number of metabolic pathways, vaccines stimulate a protective imreapense against multiple

antigens and epitopes, further reducing the chances for vaccine escape [2li&%s

Vaccines offer lasting protection with a much lower likelihood of resistance emerging compared to
antibiotics asthey act prophylactically rather than therapeuticéfigure 1.5 [35, 36] However,

there ardew case of vaccine resistanc&his outcome may occur for various reasons. For example,
while some vaccines effectively prevent disease, they might not entirely block pathogen colonization
or transmissionas observed with the acellular pertussis vaccine. Additionally, serotype replacement
can occur when vaccines do not targettalserotypes, as is the case with pneumococcal vaccines.
Consequently, developing improved protective antigens remains crucial, especially for infections
associated with antibiotie@sistancg¢35, 36] Nevertheless,wen in the rare instances where vaccine
resistance has been observed, a measurable reduction in diseasehbgrdéit beerachieved,
primarily due to the preventive nature of vaccination, the establishmerdic#ct protection(herd
immunity), and the durability of protective effe¢&l, 37, 38] This contrasts sharply with antibiotics,

where even minimal resistance can completely nullify therapeutic benefits.
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Figure 1.5. Time to detection of resistance of human pathogens to antimicrobials (in red) and to
vaccines (in greenpdaptedirom [35].

The WHO has emphasized the importance of maximizing the use of existing vaccines and
accelerating the development of new ones against AMR path¢@@h<Predictions suggest that
vaccines could have a substantial impact in controlling infections caused by antimiceslsitzint
pathogeng40], even thoughexceptfor S. pneumoniaand Mycobacterium tuberculosisaccines
againstthe top 10causes of global deathksie toantimicrobiatresistant pathoger(&igure 1.1) are

still missing

Traditional vaccines initially employed live attenuated or inactivated organisms to elicit an immune
response with minimal illness while promoting memory cell activafghl. However, these
approaches are often associated with high reactogenicity, posing challenges in balancing safety and
efficacy [42]. Recent advancements in various scientific disciplines have paved the way for new
vaccine technologies, including glycoconjugation, bioconjugatMnltiple Antigen Presenting
System(MAPS) technology, reverse vaccinology, structural vaccinol@gneralizedModules for
MembraneAntigens (GMMA), nanoparticle vaccineg#yonucleic acidRNA)-based vaccines, and

novel adjuvant$26].

In the next paragraphsaditional glycoconjugates and GMMA will be described more in depth.
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1.2.1. Mode of action of vaccines

Vaccines work by priming the adaptive immune respénseth the humoral immunity mediated by

B cells and the celinediated immunity driven by T cefisto protect against future infectiofé3].

By exposing the immune system to live attenuated or inactivated forms of a pathogen (or parts
thereof), vaccines mimic natural infection without causing disease, thereby teaching the body to
rapidly recognize and efficiently combat the real pathogen dpture exposure This process
involves the generation of immunological memory, ensuring that the immune system can mount a
quick and robust response when needdthough it takes 3 weeks for vaccines to elicit these

immune responses, they confer ldagting protectiof26].

For most vaccines, the induction of antibod{@bs) is critical to confer protectiofd3]. B cells
produce antibodies (immunoglobuljdg) that bind specifically to antigerfdg), such as exotoxins
or bacterial surface molecules (proteins and polysaccharides), effectively neutralizing the pathogen.

These antibodies interfere with infectionthe following waygFigure 1.6):
(1) Blocking the pathogenic process by neutralizing toxins produced by bacteria.

(2) Enhancing opsonophagocytgsthus promoting the elimination of internalized bacteria by

enhancing the opsonophagocytic activity of macrophages.

(3) Initiating the complement cascaddtimately leading to the generation of the membrane attack

complexescausingperforation of bacterial cell membranes and subsegbacteriallysis.

(4) Disrupting adhesion and biofilm formatidoy binding adhesins on bacterial surfaces to interfere

with adhesion/invasion of epithelial barriers and prevent biofilm formation.

18
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Figure 1.6. Mechanism®f action of antibodiedReproduced frorn26].

In addition to antibodynediated defense, the cellular adaptive immunity plays an essentid3ple
T cells cancontribute to effective and loAgsting immune responses in two main watysough
CD4+ T-helper cells, which recognize peptides presentednhjor histocompatibility complex
(MHC) class Il moleculesandsecrete cytokines that stimulate B cells to produce antidtiresigh
CD8+ cytotoxic T cells, which recognize peptides in the context of MHC class | molemutzse

crucial for eliminating intracellular pathogens and for tumor surveil 4% 6].
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1.3. Bacterial carbohydrates in vaccine development: from plain

polysaccharides taglycoconjugatevaccines

Most bacteria possess a surface polysacchéPifimetwork known as thglycocalyx This complex
layer comprises(1) Lipid-linked structuresuch as lipopolysaccharides (LPS) in Graegative
bacteria(which include lipid A, a core oligosaccharide, and aarfigen (OAg) that determines
serotype specificify and teichoic acids (TAh Grampositive bacterigincludinglipoteichoic acids
(LTA) and the more exposed wall teichoic acids (W)AR) Surface peptidoglycans present in
Gramypositive species; anB) Capsular polysaccharides (CPS) found in both Gpasitive and

Gramnegative encapsulated bacteftggre 1.7(A)).
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Figure 1.7. (A) Schematic representation of the cell envelop&mimnegative and Grarmpositive
bacteria (B) General structures of bacterfaPS and LPSAdapted fronj47].
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Surface polysaccharides are critical for multiple reasons. They facilitate bacterial adhesion and host
cell infection, protect bacteria by interferi.
by preventing the activation of the alternativengdement pathway or by mimicking host self

antigens), and confer a hydrophilic character that helpsevent desiccatiof#8-50].

Bacterial carbohydrates have proven to be optimal targets for vaccine development against
encapsulated microorganisiitsl, 52] The protective role of antibodies induced by pneumococcal
polysaccharides was first examined in the 1930s, and by 1945 the first vaccine composed of purified
pneumococcal polysaccharides from selected serotypes wasitelstedang53]. Theintroduction

of antibioticsto treat bacterial infectionemporarily slowed vaccine research; however, the rise of
drugresistant strains reneweithe interestin vaccines leading to extensive clinical studies.
Consequently, polysaccharitbased vaccines against pneumocogccuseningococcus, and

Haemophilus influenzagpe b were licensed between the 1970s and early 198055]

Due to their Fcell independent nature, these early vaccines effectively protect adults but fall short in
eliciting immunological memory or lonlived antibody responsesid providensufficient protection
in infants and children under twears of ag¢56-59].

This limitation is overcome by conjugatidghrough covalent linlaged the polysaccharide to a
carrier protein, which induces acEll-dependent immune response to the carbohydrate njbigaty

60], thereby ensuring effective immunization in both children and the elderly. In the late 1980s, the
first glycoconjugate vaccinesere licensed51, 52] To this day, glycoconjugate vaccines remain
among the safest and most successful vaccines ever develtygdepresent a breakthrough in
vaccinology; for approximately 35 years, they have effectively protected infants, adolescents, and
adults from numerous bacterial diseases, as evidenced by dramatic reductions in infections caused by
S. pneumonigdH. influenzadype b Hib), andN. meningitids [61-63]. Theglycoconjugateraccines

have al so achieved signif i canvalentppaaukoedccals/acane e s s
PCV1i3 (Prevnar 13) generated USD 6 bi lsklingpn in
individual produc{64].

In terms of mechanism of actigRigure 1.8), in these vaccines the saccharide moiety supplies the B
cell epitopes for recognition, while the protein component offers the T cell epitopes crucial for
recruiting effective Tcell help[59]. After immunization, dendritic cells at the injection site capture

the conjugate vaccine and transport it to lymph nodes and the spleen within a few days, where the
formation of germinal centers (GCs) is initiatddhe conjugate is internalized by B cells, through
polysaccharide recognition from B cell receptors, and internally processed. The peptide fragments

derived from protein processing goeesentedhroughMHCII on the Bcell to CD4+ T cells. In
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addition to this crucial antigen presentation;stimmulatory signals are required to fully activate T
cell help for B cell§65, 66] With T-cell help, B cells undergo proliferatiorclassswitchingand
differentiationin plasma cells and memory celisat can rapidly respond to future antigen encounters
by producing high levels of antibodifgb, 6770]. Furthermore, affinity maturation within germinal

centers enhances antibody avidity].
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Figure 1.8. Schematic representation of immunological mechanism of atraditionally proposed
for glycoconjugatevaccinesAdapted fronj48].

The glycoconjugate vaccines licensed so far have predominantly been derived from CPS or their
fragments Figure 1.7(B)). However, many pathogenic bacteria also express other carbohydrates that
may serve as vaccine targetspecially when a pathogen either lacks a capsule (e.g. Shigstla
species owibrio cholerag or produces a capsule that mimics selfigens (e.g., the+( 2 Y 8)
polysialic acid capsule deisseria meningitidiserogroup B and the polyhyaluronic acid capsule of
Group A Streptococcus[47]. In these cases, other glycan structusesh as the &g of LPS
molecules in Gramrmegative bacteriaFfgure 1.7(B)) may be sufficiently exposed to the immune
system to be considered as vaccine candidates. Notable examples include t¥rgeislarag72],

Shigella species[73], Escherichia coli[74], and Salmonella(Paratyphi A and nctyphoidal)

infections[75].
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1.4. Alternative carbohydrate-based vaccine technologiesthe GMMA

platform

Glycoconjugate vaccines were introduced to addresslithiéged protection offered by Igin
polysaccharide vaccines. Although these vaccaresuccesl, many diseases still lack effective
control. Given the diverse array of glycan antigens found on the surfaces of patioogemsh no
vaccines currently exist, carbohydrdit@sed vaccines aexpectedo bemultivalent formulationsto
include multiple antigens from one or more pathod@&as78]. This is often necessary to achieve
broad protectionMoreover, theincreasinglywidespreaduse of glycoconjugate vaccines, which
commonly rely on a limited repertoire of carrier protgii8] and involve complex immunization
schedules, has sometimes led to suboptimal immunogenic responses to the polysaccharide
component. This reduction in efficacy is attributed to-gxisting immunity against the carrier
protein, a phenomenon known as carietuced epitopic suppression (CIEBP]. Consequently,
there is a need for negeneration vaccines that utilize alternative carréerd technologiesyffer

simplified formulationsand requirea lowernumber of vaccinatiato provide protectiof6O0].

In recent years, novedolysacchariddased platform$iave emergedConjugates can bdirectly
expressed iE. coli, through a process called bioconjugationalternative protein delivery systems
have been proposexlich asGeneralized Modules for Membrane Antige@MA), a technology
platformbasedon Outer Membrane Vesicld©MVs) from Gramnegative bacterigg0, 81]

OMVs are naturally shed by Granegative bacteria as membrane blebs, typically ranging in size
from 20 to 200 nn{82-84]. These vesiclesan have several different roles in the physiology of
bacteriareleasingthem, all aimed at increasing the bacterial fithess in their growing environment
They may aid in biofilm formation and act as decoys, allowing bacteria to evade host immune
responses, antibiotics, antimicrobial agents, and bacteriophages. Additionally,cakf\sction as
long-distance carriers for toxins, virulence factors, and protessentiafor bacterial growth and
survival In some cases, their release is simply the result of an imbalance between bacterial growth

and outer membrane productif@2-84].

OMVs have long been considered attractive for vaccine d¢8&386], asthey are natural subunits

of bacterial pathogens that display multiple surfaxposed antigens in their native conformation

and orientatior{86]. Moreover, OMVs contain pathog&ssociated molecular patterns (PAMPS)

such as LPS, peptidoglycans, lipoproteins, and flagella. These not only serve as antigens but also
stimulate the innate immune system, thereby inducing robust immune resfgy8ds 8790].
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OMV size also facilitates efficient uptake by antigeesenting cells (APCs), which in turn triggers

the T-cell responses necessary for effective immuj@g/84, 9194

OMVs have been extensively studied as vaccine componédmathipreclinical and clinical research
Theyhave been usad human vaccines againseisseria memgitidis serogroup B (MenB[j82-84,

94-97]. Although MenB strains naturally shed OMVs, vaccine production has typically relied on
detergent extraction to increatbe yield. This process significantly removes LPS and lipoproteins,
enhancing vaccine tolerability but also potentially eliminating important antigens such as the
lipoprotein factor H binding protein (fHbp95-98].

Alternatively, detergenfree method$ such as sonication, vortexing, or chemical treatn@eotm
improve OMV yields while preserving PAMPs, though these techniques require careful purification

to avoid contamination with cytoplasmic compondB8&86].

To streamline purification and further enhance OMV yields, the GMMA technology platform has
beendeveloped86, 99, 100]

GMMA are OMVs naturally released by Gramegative bacteria that have been genetically
engineered to enhance blebb[Bd, 100, 101] This engineering is typically achieved by disrupting
the connection between the outer membrane and the peptidoglycan layer in the periplasm, allowing
GMMA to be collected from the bacterial culture supernatant using simple anefisxdive
purification methodg[99, 102] Because GMMA retain their native surface lipoproteins, LPS, and
other PAMP$ contrary to OMVs obtained via detergent or mechanical extrdctibis can pose
challenges for vaccine design due to the inherent reactogenicity of the native LPS. To misigate thi
additional genetic modifications are introduceddducelPS activity €.9.by modifying theLipid

A structurg without losing its immunostimulatory properties, a process known as GMMA
detoxification[103, 104] These modifications are crucial because LPS is a potent agonist-of Toll
like Receptor 4 (TLR4), which is expressed on various immune cells incléd@p [87-89].
Traditionally, to potentially further enhance tolerabilityGMMA are dso alsorbed onto Alum
adjuvant105-107].

Regarding their mode of actiam animal studies, it has been demonstratedttiaimmunogenicity

of GMMA is independent of the TLR2 agonists present in the vesicles (such as lipoproteins and
peptidoglycans) but is partially dependen on TLR4 engagement (and thus on LPS). More
importantly, GMMA primarily induce immune responses through antigen presentation by follicular
dendritic cells to cognate B cells, a critical process for generating germinal centers that drive the

differentiatian of B cells into antibodgecreting plasma cells or memory B c§li88].
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Bacteria engineered to produce detoxified GMMA can further be modified to create tailored vaccines

[60, 81, 109] For instancgbacterial strains can be altered to:
(1) Overexpress selected homologous vaccine antigens or multiple variants of a protective antigen.
(2) Retain and display secreted vaccine antigens on the surface.

(3) Deleteunwanted antigens that mighegatively affect thenduction of an effective immune

response

(4) Display heterologous antigendike proteirs or polysaccharide from diverse (even

phylogenetically distant) pathogens such as viruses, bacteria, or parasites.

By applying these modi fi caforipamp,0sietdc IGMMAO ¢ il b

target vaccineRigure 1.9).
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Figure 1.9. Features of GMMA technologReprodued from[81].

Due to its straightforward manufacturing progegee GMMA platform is particularly attractive for
developing affordable vaccindsr impoverished countrie81, 110, 111] Indeed GMMA-based

vaccines have beeampplied for pathogengausingsubstantial disease burdens in LMICs, such as
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invasive nortyphoidal Salmonella(iNTS) [112], Neisseria meningitidi$113], and Shigella[78,
101},

The first GMMA-based vaccine to enter clinical development was the mono\&ghégella sonnei
GMMA vaccine (1790GAHB), which was evaluated in phase 1/2 clinical trials in adlltth non
endemic FEuropg and endemic (Kenya) regions, demonstrating good tolerability and
immunogenicity [114-118]. Following these promising results, a tetraval&ftigella GMMA
vaccine, altSonflex®-3, which target$. sonneandS. flexnerserotypes 1b, 2a, and 3a, is currently
being tested in phase 2 trials amonrg@nthold infants in Kenya, where shigellosis is endemic
(clinical trialsNCT05073003 and NCT0666343@)19]. Additionally, an INTSGMMA vaccine has
recently completed a firsin-human randomized, dosscalation trial, demonstrating
immunogenicity and a favorable safety profile, which supports its progression to further clinical

evaluationg120].

26



1.5. Antimicrobial resistant pathogens

According to the WHOShigellaspp.,SalmonellaTyphi, and nortyphoidal Salmonellaare among
the highpriority pathogens for which the development of new interventions is urgently needed to
combat AMR[15].

1.5.1. Shigella

Shigellarepresents therincipal bacterial pathogen causing diarrheal illness worldwiktimates
indicate that this infection results in roughly 270 million cases and about 212,438 deaths annually,
with nearly 30% of these fatalities occurring in children uragr5d especially in LMICs where
access to clean water, proper nutrition, essential sanitation, and healthcare services idisateztely
[121, 122] Beyondthe immediate morbidity and mortality associated with diarrigdagella
infections may also lead to lofigrm sequelae such as stunting and cognitive impairments in young
children [123, 124] In LMICs, the limited availability and high cost of diagnostic tests and
antibiotics, coupled with WHO guidelines that recommend antibiotic treatment only in cases of
dysentery result inmany children with shigellosis not reciig timely treatment. Moreover, the
rising incidence of antimicrobiaksistantShigellastrains further complicates therafiy25-128].

These challenges underscore the urgent global health priority of developing a vaccine against

Shigella

The genushigellais currently classified into four species based on serolagyioialg: S. dysenterige

S. boydij S. flexnerj andS. sonne{129]. Each species is further subdivided into serotypes and
subserotypes, defined by the unique saccharide repeatingRbifgresent in the OAg portion of
their LPS. SpecificallyS. dysenteriaeontains 14 serotypeS, boydiihas 19S. flexnerincludes 15

serotypesandsubserotypes, arfsl. sonneis represented by a single serotypg0].

The global epidemiological burden of shigellosis is predominantly linked to two sp8ciesxneri
andS. sonneiTraditionally,S. flexnerhas been associated with developing regions, ihisonnei
has been more common in developed afE3%133]. Yet, emerging evidence reveals tBasonnei
is increasingly emerging in countries undergoing economic transition, effeceypddyirg S. flexneri

as the primary cause of shigellogi84].

Transmission oShigellaoccurs predominantly via the fetaral route, either through direct person
to-person contact or through the consumption of food and water contaminated with the pathogen
[135].
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Several factors complicate efforts to cont8iligellai nf ect i ons. The bacterdi
illness with a very low infectious dose, combined with the coexistence of m8tyellaspecies

and serotypes within the same communities, facilitates frequent reinfections. Additionally, treatment
is further complicated by the need for antibiotic administration (beyond standard oral rehydration), a
factor that contributes to the developmehimultidrugresistant strains and threatens the availability

of effectiveandaffordable treatments. This situatiomderscores the critical importance of preventive
strategie$136, 137]

To date, there are no widely available vaccines ag8imgella although various vaccine candidates
aiming for broad protection are under clinical evaluaficd8]. Because immunity t8higellaappears
to be serotypspecific, the OAg has emerged as teintarget for vaccine developmgiB9].

In terms of structural diversity, alb. flexneriserotypes excluding serotype ,6share a linear
tetrasaccharide OAg repeating unit described[2sU-L-Rhap"-( 1 Y-PH)-Rhap'"-( 1 Y-BH)-

Rha'-( 1 Y-B-D-GlcpNAc-( 1 ¥, which can be variably modified by -8cetylation and/or
glucosylation. In contras§. flexneriserotype éhas a different linear polysaccharide backbof#);

UL-Rhg"-( 1 Y-BH)-Rha"-( 1 Y-B-D-GalpA-(1Y 3 P-D-GalpNAc-( 1 ¥ with the first
rhamnos# residue variably @cetylated at either positidor 4[140-142] The OAg ofS. sonnei
differs considerably, consisting othe following repeating unit[4)-U-L-AltNACA-( 1 Y-B-)
FUcNAC4N-(1Y 1. [143].

Given the considerable structural heterogeneity of the OAg across vaingeslla species and
serotypes, a multivalent vaccine approach is crucial to maximize co@@®el44146], further

complicaing the overall design of a broadly effectivaccing[147].

Based on global epidemiologicditg the most advancefihigellavaccine candidates utilize a 4
valent formulation. This formulation typically compris@sflexneriserotypes 2a, 3a, and either 6 or
1b, in conjunction withS. sonnei[148, 149] Such a 4valent vaccine is estimated to cover
approximately 70% oShigellacases, with the potential to extend coverage bey&atl through
crossreactivity among common epitopes of tBe flexneriOAg [73, 149] Although structural
similarities amongS. flexneriserotypes can elicit crossactive immune responses, the specific

structural features that mediate this crossctivity remain to be fully elucidat¢di48, 150]

In this regard, the GSK Vaccines Institute for Global Health (GVGHpr@sosedhe use of GMMA

for delivering OAg. The approach involves a faalentformulation famedaltSonflext2-3) that
combines GMMA derived frons. sonnewith those fromS. flexneriserotypes 1b, 2a, and BéB,

148]. After having demonstrated its safety and ability to elicit a functional OAg specific IgG response
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in European adultfl19], this candidate is currently being evaluated in phase 2 clinical imi&s
monthold infants in Kenyaa region where shigellosis is endenglinjcal trialsNCT05073003 and
NCT06663436).

1.5.2. Salmonella

Salmonellais a facultative anaerobic Gramegative bacteriunof the Enterobacteriaceaéamily.

The organisms that cause human disease are classified into typhoidal agghwoidal forms. In
high-income countries, netyphoidal Salmonella (NTS)d predominantly the serovarsS.
Typhimurium andS. Enteritidi® typically causes selimiting gastroenteritig1l51]. When these
bacteria overcome the gastric acid barrier and enter the intestinal epithelium, they trigger
inflammation that results in diarrhea, mucosal ulceration, and cell destrlidRjnHowever in sub
Saharan Africa, NTS infections in children under five frequently lead to bloodstream infections,
known as invasive NTS (INTS) disease, with case fatality rates as high agl43P6The same
serovars are also implicated in a significant global burden of diarrheagenic NTS (dNTS) disease
[154].

Typhoid fever, caused by. Typhi, is the most prevalent form of bacterial bloodstream infection in
South and Southeast AJiE55, 156] Transmitted via the fedadral route, its clinical presentation
varies, but fever is the most consistent symptGthmer reported features include constipation or
diarrhea, headache, dry cough, abdominal pain, malaise, anorexia, and v@ibifindn the same
region, S. Paratyphi A causes paratyphoid A fever, a condition clinically indistinguishable from

typhoid feverthataccounts for over 25% of enteric fever cgdégl].

According to the Global Burden of Diseg$&BD) 2019 estimates, typhoid fever is responsible for
40% of allSalmonellarelated deaths, but only 17% of these occur in children under five. In contrast,
INTS disease accounts for 29% of tdda@lmonelladeathsand 45% of deaths in children under five
while dNTS and paratyphoid fever are responsible for 22% (36% in children under five) and 9% (2%
in children under five) of deaths, respectivel$4].

All four major Salmonellaserovars are also associated with high levefS\WiR [158-160], rendering
treatment with current antibiotics increasingly unsuccessful and reinforcing the need for a-vaccine
based strategpl5].

Salmonella entericaerovars Typhi, Typhimurium, Enteritidis, and Paratyphi A are differentiated by
their OAg, flagellin Hantigen, and the presence or absence of a Vi aapsolysaccharideVi is a
linear polymer made up ofU{-4)-2-deoxy-2-N-acetyl galacturonic acid units, with variable O

acetylation at the @3 position[161].
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Only S. Typhi display Vi polysaccharidethus, Vibased vaccines do not protect against the other
three predominant serovdi®s]. While licensed vaccines are available $oTyphi [162, 163] there

are currently no approved vaccines for NTSSoParatyphi A[75]. Except forS. Typhi, snce
immunity againstSalmonellaappears to be serotygeecific, the OAg is recognized as a key
antigenic targef164-166], which supports the development of several candidate vaccines targeting

this componen{75].

The SalmonellaDAg share a common trisaccharide backbondmMa n ( 1-&4Rha( 1 Y-8)
D-Gak( 1 Y 2but)differ by the attached 3dideoxy monosaccharide mannoseabequose irS.
Typhimurium, tyvelose irS. Enteritidis, and paratose . Paratyphi A Glucose can be found as
branched to galacto$&67, 168] The ddeoxyhexoses conf&almonellaserogroup specificitj169-

171]. Moreover,SalmonellaOAg could show high levels of heterogeneity in terms of chain length

and variation in @acetylation and glucosylation of the repeating Udi6¥, 168, 172175].

There is a strong rationale for develop®glmonellamultivalent vaccines to address the antigenic
diversity among the several serovars responsible for invasive disease and to overcome the limitations
of monovalent formulations in areas where multiple serovaisrcalate, thereby enhancing bread
spectrum potective efficacy[75]. A vaccinecomprisng these four serovars &. entericacould
potentially awid approximately 274,000 overall deaths (including 111,000 in children under five)
and reduce the burden by roughly 20 million disab#itjusted lifeyears (DALYS), including 9.7

million in children under fivg75].

Among the multivalent candidates, a bivalent formulation utilizing GMMA as the delivery system
for the OAg ofS. Typhimurium andS.Enteritidisd known as INTSGMMAGJ has been proposed by
GVGH. This candidate recently completed a firshuman, randomized, dogscalation trial that
demonstrated both robust immunogenicity and a favorable safety pi@flel76, 177]In addition,
GVGH is advancing a trivalent formulation (iNTBCV) by combining INTSGMMA with the
WHO-prequalified typhoid glycoconjugate vaccine TYPHIBEV (by Biological E Ltd., Hyderabad,
India) to provide protection against both typhoid fever and iNT& INTSTCV candidate is
currently undergoing Phase 1/2 studies in both-emaemic and endemic populatiofs77].
Moreover, in collaboration with Biological E, a bivalent glycoconjugate vaccine combining
TYPHIBEV with aS.Paratyphi A glycoconjugate vaccifie/8] is set to progress into phaaérials
[179].
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1.6. Multivalent vaccines: tackling single or multiple pathogens for broad

protection

Multivalent vaccines contain antigens from two or more different strains or variants of the same
pathogenor even from multiple pathogerts provide broader protection than a monovalent vaccine.
Also known as combination or multicomponent vaccines, they are designed to mimic the natural
exposure of the immune system to multiple antigens, achieving a comprehensive immune response
with a singé formulation[180-182].

There are clear advantages of using multivalent vaccines versus administering monovalent vaccines
separatelyTable 1.1). Combining several antigens into a single formulation can simplify vaccination
schedules, reduce the number of injections, and ultimately increase patient compliance. This is
particularly valuable in resourdenited settings, where reducing logisticalatlenges and the
frequency of immunization visits can alleviate strain on healthcare facilities and enhance overall
vaccination coverag@ 83, 184] Fewer injections also mean less pain and disconaaignificant

benefit for individuals with needle phobia. Furthermore, combination vaccines may transform
interventions with low standalone uptake into more impactful measures, especially when targeting
related pathogens contributing to similar clinicah@gsomes (e.g., multiple enteric pathogens that
together drive linear growth faltering and stuntifif0].

Despite these advantages, multivalent vaccines also pregsrtantchallenges. Ensuring that the
co-administration of multiple antigens does not compromise the immune response &ingdeh
component is a key concern. Immunological interfer@nebere the response to one antigen affects
anothed must be addressed through rigorous preclinical and clinical studies to demonstrate non
inferiority and acceptable reactogenicity compared with monovalent formuldfi86$ Beyond
immunological concerns, the production process itself is more complex as individual antigens must
be producedccordingto their specific quality control standards before beiogbined186]. This

means that any production issue with one antigen can delay, or ietrupt the entire
manufacturing process. Additionally, regulatory pathways originally designed for -siniiggen

vaccines require adaptation for combination products, further complicating lic¢b30y4.81]

Examples of successflicensedmultivalent vaccines include pneumococcal conjugate vaccines
[187, 188]and multivalent meningococcahccined189-193].
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Table 1.1.Potential value of a combination vaccine versus coadministration of separate aiiggried fronj180].

Potential advantages

Potential challenges

Vaccine
delivery

Health impact

Vaccine
administration
efficiency and
cost

A

T

Improved timing of vaccination and increas
acceptability among end users and headtte
providers.

Higher and more equitable vaccination coverage.

Greater, more equitable impact.

Facilitates targeting less prevalent but still import:
pathogens.

Creates the opportunity for a syndrom
combinatio® i.e., a single vaccine targetin
pathogens responsible for the same clinical syndro
Fewer syringes.

Fewer packaging disposal needs.

Less cold chain storage and transportation sg
required.

Shorter administration time and errors.

Fewer needlestick injuries and therefore improy
safety for vaccinators.

A Need to ensure compatibility of vaccination schedt

and routes of administration of each component.

Need to articulate and show incremental health
economic value of overall combination compared w
standalone components.

Increased difficulty in attributing a safety signal tc
specific component.

The overall procurement cost could be higl
compared to the total cost of buying the compon
vaccines separately, even if delivery expenses
lower.

The available combination might include mo
antigens than some countries prefer to introduce.
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Vaccine
design,
development,
and supply

A Potentially greater demand for combination tt

individual components, leading to economies of sc
and reduced cost of goods.

A

Currently little guidance or recommendations from
public health community regarding combinatic
composition or use preference.

Greater risk of failure due to immunologic
interference or unacceptable reactogenicity.

More complex, lengthy, and expensive clinic
development pathway due to current regulat
guidelines.

Need to develop and validate additional assay:
accurately characterize components within comg
mixtures.

Need access to multiple components, which could
substantial commercial and intellectual prope
complexities.
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2Al M OF MY PROJECT

My PhD project aimed tdacilitate the development of complex multivalent polysacchéabvaked
vaccines, to fight bacterial infections and contribute to AMR reduc8bigellaandSalmonellaPS

were used as model antigehs.particular several aspects like immunogenicity, identification and
guantification of single OAg in complex mixture and vaccine stability, all crucial for the success of

a vaccine, were deeply investigated.
In detail, the objectives of my PhD project were:

1. Immunological evaluation of multivalent HRfased vaccines, comparing different
technologies, with focus oreventual immuncinterference among the different PS

components;

2. Development of novel analytical methods to identify and quantify each PS antigen in

multivalent formulations

3. Application of advanced kinetimodellingto predict vaccine stability based on accelerated

studies
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3. Comparison of GMMA and glycoconjugation technologies

for a vaccineagainstShigella

This chapterhas been already published 194].
3.1 INTRODUCTION

Shigellosis igheleading bacterial cause of diarrhdeéseasan LM ICs, particularlyaffectingyoung
children under five years of affe30, 195] As antibiotic resistance ®higellacontinues to risgl33,
138, 196] this pathogen has been identified as a pridoityaccine developmeift5]. Currently, no
vaccines are licensed f&higella butvariouscandidates are under developmigi®, 139] many of
which are based on the-@&ntigen (OAg) portion of the lipopolysaccharide (LPS)197-199],

recognized as key target for protective immuili5, 200]

GSK Vaccines Institute for Glob&lealth (GVGH)is developing a foucomponenshigellavaccine
utilizing Generalized Modules for Membrane Antigens (GMMA) as alternative delivery system for
the OAg[78, 201, 202]

GMMA are Outer Membrane Vesicles (OMVs) from Graegative bacterjayenetically engineered

to increase yields and produced througttraightforwardand robust detergefitte manufacturing
process[99-101] GMMA are nanoparticle thatombine multivalent display of saccharides and
proteins in their native outer membrane environment, with the presence of immunostimulatory
molecules, such as LPS, lipoproteins and peptidoglyf@hs86] Additional mutations can be
introduced to modify the lipid A component and reduce endotoxtoityinimize GMMAG potential

to promote reactogenicift04, 201]

A mono-componen. sonneGMMA vaccine candidateras initially evaluated in phase 1/2 clinical
trials in healthy adults fronboth Shigella nonrendemic (EU) and endemic (Kenysggiors,
demonstrating immunogenicity and good tolerajidel-118]. However, the vaccindid notconfer
protection against shigellosis in a Controlled Human Infection Model (CHIM) §208y}. Therefore

an improved version 05. sonneiGMMA with increased OAg density has been designed and
formulatedtogetherwith GMMA from three S. flexneriserotypes(lb, 2a and 3a) to a four
component formulation called altSonfle243, aimingatproviding broad protection against the most
prevalenShigellaserotype$148, 149] ThealtSonflext2-3 vaccine is currently being tested in phase
2 clinical trials in 9months infants in Kenya, where shigellosis is endendlmi¢al trials
NCT05073003 and NCT0666343@)19].
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As part of my PhD projecthe GMMA approaclnas beemompare in animal models, to the more
classical glycoconjugation approach for an G#gged vaccine agairShigella Indeed, conjugation

of OAg to appropriate carrier proteins is a westablished approach for improving immunogenicity,
providing T-cell stimulation to the OAg which contains onlycBIl epitopeg204]. This leads to
enhanced memory response, IgG cesgching and improved immunogenicity loth infantsand
adults[52, 59, 60] A S. sonneOAg glycoconjugatedeveloped at the U.S. National Institutes of
Health (NIH) [205-207], showed74% protection in adults after a single d¢2@8] but failed to
protectyounger individual§205]. A well-definedS. flexneri2a synthetic glycoconjugate vaccine,
developed at InstitUPasteu Paris Francg hasbeenshown to be safe and immunogenic in a phase
1 study in adults after a single d42689], and is now being tested in phase 2 and CHIM tfi39)].
Additionally, LimmaTech Biologics produced a bioconjugate ag&@ndiexnerla, Flexyn2a, which
proved to be immunogenic in phasg10] and protective against severe shigellosis in a CHIM study
[198]. Thesefindings supported the development of a feomponent formulationgomposedof
bioconjugates 08. sonneandS. flexneri2a, 3a and, that is currently tested in an agescending
dosefinding phase 2 trial in Kenya to evaluate vaccine safety and immunogéd &ty

Alhydrogel is a commonly used vaccine adjuvant due to its safety, low cost, and the adjuvanticity it
provides to various antigefis05-107, 211] Although formulation with this adjuvant is often used to
further reduce the potential reactogenicity of GMN2A 2], it has been shown that Alhydrogel does

not enhance the humoral immune response induced by GYAUA]. Here, thefour-component
GMMA and glycoconjugatéormulationswere evaluated both with and without Alhydrogaiming

at further investigating the role that this adjuvant can have on the immune response elicited by

GMMA and glycoconjugates.

The results of this work contributed to a better understanding of the potential differences between

traditional glycoconjugates and GMMA as delivery system&fogellaOAg.
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3.2.MATERIALS AND METHODS

Preparation and characterization of GMMA

ShigellaGMMA were obtained from GVGH. Theyere produced fronthe following strains:S.
sonneib3GgiolR::kanquirG::nadAB gmsbB2::cagmsbB::ermS. flexnerilb StansfieldgolR::frt
gmsbB1la::frtgmsbB1b::frt,S. flexneri2a 2457TadolR::kan,gamsbB::cat, and. flexneri3a 6885
agdolR::kan,qamsbB::cat, and purified as previously descripég].

Purified GMMA were characterized for total protein content by mBiocinchoninic acid assagCA

(Thermo Scientific, Waltham, MA, USAA ccording to the maotai®Agct ur
amount by higkperformance anicexchange chromatographwith pulsed amperometric detection
(HPAEGPAD) after performing acid hydrolysis directly on GMMAnd OAg to protein ratio was
calculated. GMMA size was estimated by dynamic light scattebig), OAg molecular size was
determined by size exclusigngh-performance liquid chromatography (HPASEC) after acetic

acid extractiorj214].

HPAECGPAD of S. flexnerilb, 2a and 3a OAg

To quantify theS. flexnerilb, 2a, and 3a OAgn GMMA, the neutral sugaa HPAEG-PAD was
employed[215]. Rhamnose (Rha) was used to construct the calibration curve, while other common
monosaccharides for this analysis include galactose (Gal), glucose (Glc), mannose (M&h), and

acetylglucosamine (GIcNAc); calibration curves were generated using commercial monomer sugars.

The GMMA samples were diluteéd havethe rhamnose content corresponding to the @algin the

0.5110 eg/mL range and then hydrolyzed at 100 °C for 4 hours in 2 M trifluoroacetic acid (TFA).
This hydrolysis condition was found to optimally release all monosaccharides constituting the
repeating units of th8. flexneriOAg without degradation. After hydrolysis, the vial contents were
evaporated to dryness using a centrifugal evaporator. Each dried sample waslibsvived in 450

eL of water and mixed thoroughly by vortexing. The reconstituted sample was transferred into an
AcroPrep Advance 96 Filter Plate (&g, Pall, Port Washington, NY, USA), positioned over a 96
conical BTM plate (Thermo, Waltham, MA, USA), and centrifuged at 524 rcf for 2 minutes using an
Allegra X-15 with an SX4750 swinginrgucket rotor and 393070 microplate carrier (Beckiman
Coulter, Brea, CAUSA) to collect the filtered samples. The plate containing the filtered sample or
standard solutions was then covered with a$hiteWell Cap for a 9évell PP Plate (Thermo,
Waltham, MA, USA) and loaded into the HPAEAD autosampler compartment.
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Chromatographic runs were performed on an-8080, ICS5000, or ICS3000 system equipped

with Chromeleon 7.2 (Thermo, Waltham, MA, USA) in pulsed amperometric mode, utilizing a gold
working electrode and an Ag/AgCl reference electrode with a standardaplexhydrate waveform.
Separation was achieved using a Thermo CarboPac PA10 column (4 x 250 mm) with a PA10 guard
column (4 x 50 mm) at a flow rate of 1 mL/min. The sugars were eluted with a gradient from 10 to
18 mM NaOH over 20 minutes, followed by a-@inhute wash with 100 mM AcONa in 28 mM
NaOH and a 2@ninute reequilibration with 10 mM NaOH.

Calibration curves were established for each sugar monomer in iHEO@&mL range, with the
standards undergoing the same hydrolysis and analysis as the samples. Note tha{tieAzed

to glucosaminghe monomedetected by HPAE{AD) was not used for quantification because the
optimal hydrolysis conditions for GIcNAc require heating at 100 °C for 6 hours in 1 M TFA.

HPAEGPAD of S.sonneiOAQ

To quantify theS. sonneiOAg on GMMA, the amino uronic acid HPAERAD method was
employed[216]. A standard ofS. sonnelDAg was used to construct the calibration curve. First, a
TFAI HCI mixture was prepared by mixing TFA and HCl in a 2:13 v/v ratio in a glass bottle. Using
an Eppendorf Xstream Electronic Pipettor, 1 mL of this mixture was added t1_3fiGa sample or
standard solution in a 2 mL scra&pped vial. The vial was sealed and vortexed to ensure thorough
mixing. The vials were then placed in a SBH130D/3 Stuart Thermoblock, equipped with three
preheated SHT1 12 33 Stuart aluminum bloeksl incubated at 80 °C for 4.5 hours for hydrolysis.
After cooling to room temperature, the contents were evaporated to dryness under a nitrogen flush
using a Techne sample concentrator FSC400D with RbaiEed needles (FSC4ANCS). The dried
residue in eachial was reconstituted in 3GL of water and mixed thoroughly by vortexirgext,

the reconstituted solutions were transferred into & Mdiltration 96well plate placed over a 96
conical BTM plate, then centrifuged at 524 rcf for 1 minute using arBachk Allegra X15 with an
SX4750 swingingbucket rotor and a 393070 microplate carrier to collect the filtered samples. The
plate containing the filtered sample and standard solutions was covered with a preslit&p and
loaded into the HPAE®AD aubsampler compartment.

Chromatographic runs were performed on an-6080, ICS5000, or ICS3000 system equipped

with Chromeleon 7.2 (Thermo, Waltham, MA, USA) in pulsed amperometric mode, utilizing a gold
working electrode and an Ag/AgCl reference electrode with a standardapmethydrate waveform.

A Thermo CarboPac PA1 analytical column (4 x 250 mm) equipped with a Thermo CarboPac PA1l
guard column (4 x 50 mnwas usedThe column and detector compartments were maintained at 25
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°C, while the sample compartment was kept at 10 °C. Before analysis, a system suitability test was
conducted by injecting a solution of glucuronic acid and galacturonic acgirfi. each) three times

to check the plate count and peak asymmetry. Chromatographic conditions includediaj@&ion

volume, a total run time of 15 minutes, and isocratic elution with 400 mM NaOH at a flow rate of 1.5
mL/min without an intervening washing step. After the analysis, the column was washed with 500
mM NaOH at a flov rate of 1 mL/min for 20 minutes and then stored in 200 mM NaOH.

Calibration curves were constructed fbe S. sonnelDAg repeating unitn the 0.162.56 eg/mL

range, with the standards undergoing the same hydrolysis and analysis procedures as the samples.
DLS

The mean hydrodynamic {@verage) diameter and the polydispersity index (PDI) of GMMghke
determined The analysis was carried out on a Zetasizer Nano ZS (Malvern Panalytical, UK) under
the following conditions: the measurement type was set to "Size," with the "Material" defined as
"Protein” and the "Dispersant” being the buffer in which the sample Ww#sd The "General

options" used the default Mattouwink parameters, while the temperature was maintained at 25 °C
with an equilibration time of 120 seconds. Measurements were taken at a 173° backscatter angle
(NIBS default) with an automatic measurernéuaration, performing three measurements with-a 30
second delay between each. Data processing was executed using the General Purpose analysis mode

(normal resolution).

HPLC-SEC d extracted OAdrom GMMA

GMMA treatment at low pH and high temperature resulted in the cleavage of the labile bond between
3-Deoxy-D-mannoeoct-2-ulosonic acid (KDO), located at the proximal end of the core
oligosaccharide, and lipid A. This process released the-€&#g chains or the core alone into the
supernatant, while causing GMMA proteins and lipids to precipitate. The extractaxs seflected

the composition of the LPS molecules on GMMA. Hydrolysis was performed in 1% acetiatacid

100 °C for 2 hours. The entire content of the vial was then transferred to an Eppendorf tube and
centrifuged at 14,000 x g for 30 minutes. The sognt, which contained the extracted OAg, was
recovered and dried for further analysis without any desalting step.

OAg samples were subsequently analyzed by HBEC using a Waters Acquity UPLC-Elass
PLUS Bio System. They were diluted with water to a concentration df200Cg/mL OAg A
refractive index detectowas usedto estimate their apparent molecular size. Calibration was

performed using dextrans in tihenge5i 150 kDa witha Gel Permeation Chromatography (GPC)
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software performing a linear regression between log(MW) and retention time. Data are reported as
Mp (the mode of the molecular weight distributiofije analysis employed a TSK gel G3000 PWXL
column connected in series with a TSK gel PWXL guard column (Tosoh, King of Prussia, PA, USA),
with the column compartment set at 30 °C and the autosampler compartment at 4 °C. The samples
and standards were injed with 80 eL volume at a flow rate of 0.5 mL/min over a-8bnute run

under isocratic conditions, usign el uent composed of 0.1 M NaCcC|
pH 7.2. After the final chromatographian, t he system was stored in

solution.
Preparation and characterization of glycoconjugates

Purified OAg, extracted fromS. sonne(S. sonnei 53@olR::kan qvirG::nadAB), S. flexnerilb

(strainS. flexnerilb StansfieldgolR::frt gmsbB1la::frigpmsbB1b::frt), 2a (strai. flexnerRa 2457T
agdolR::kan, gmsbB::cat), 3a (strais. flexneri3a 6885qiolR::kan) GMMA, were obtained from
GVGH [217].

The OAg were independently activated withcfane4-dimethylaminopyridine tetrafluoroborate
(CDAP) using the following proceduif@18]: 100 mg/mL CDAP in acetonitrile was added to 9
mg/mL OAg in 2M NacClto reacha final 1.5:1 weight ratio CDAP/OAg. Soon after, 0.3M NaOH
was added to reach pH 9. After 3 minutes, GRIWas added to the solution in a CRIMOAg 1:1
weight ratio with final concentration of 5 mg/mL. The reaction was mixed for 2 h at room temperature
maintaining the pH at 9 by adding 0MB NaOH. At the end, 2M glycine at pH 9 was added in a
weigth ratio of 7.5:1 glycine/OAg to quench the reaction. The solution was mildly rmusezchight

at room temperature.

S. sonnelOAg conjugate was purified by size exclusion chromatography on a 1.6 cm x 60 cm
Sephacryl 300 column (Cytiva Life Sciences, Marlborough, MA, USA; formerly GE Healthcare
Life Sciences) eluted at 0.5 mL/min in Phosphate Buffer Saline (PBS). Fractiageetiolecular
weight that did not overlap with free OAg and free CRRMere collectedS flexnerlOAg conjugates

were purified by hydrophobic interaction chromatography (HIC) on a Phenyl HP column (Cytiva Life
Sciences, Marlborough, MA, USA; formerly GHealthcare Life Sciences), loaded in 20mM
NaHPQ: 3M NaCl at pH 7.2. The purified conjugates were eluted in 20mM:R@&Hat pH 7.2 and

the collected fractions were exhanged against PBS by Amicon Ultra (Merck, Darmstadt, Germany)
30 kDa cutoff.

Purified conjugates were characterized by micro BCA and HRRED [215, 216}> using the same

methods reported above for GMMA sampte®er total protein and total OAg content respectiyely
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and the OAg to protein ratio was calculated. Free polysaccharide was separated through reverse
phasesolid phase extraction (SPE) using Vydac C4 SPE cartridges and quantified by HFAEC

[219]. Conjugates formation was verified by HPISEC, comparing the conjugates with
unconjugated CRMy7[220].

Free saccharide quantification via SPE

OnemL of eachconjugate, diluted to 108g/mL (protein basd) in 5 mM sodium phosphate (pH 7.2)
containing 150 mM NaCl and 0.005% Tween 20, was loaded onto a C4pbake extraction
disposable column (Vydac Bioselect C4, 100 mg/3 mL, Grace, Columbia, MD, USA). The solution
was eluted by applying positive air psase over the liquid phase, and the fitwough was collected.

Then, 1 mL of 20% ACN in water with 0.05% TFA was applied to the cartridge to maximize the
recovery of fre@DAg, and the resulting eluate was combined with the initial fllok@ugh. The total

2 mL volume was dried using a centrifugal evaporator and subsequently resuspended in an
appropriate volume of water for quantifying the free saccharide by HFASD, using the methods

described above for GMMA samples.

HPLC-SEC of the conjugates

Conjugates were analyzed via HRISCE C  wi t &b injaction 8n0a Waters Acquity UPLC-H
Class PLUS Bio System. The analysis used a Tosoh TSKgel 5000 PW column (King of Prussia, PA,

USA) connected in series withT@sohT SK g e | PW guard column and an
NaCl, 0.1 M NaH PQuthaf 8 WwACHtat opHO7 52 mL/ mi n.
was maintained at 30 AC while the autosampl et

determination was carried auata refractive inde detectoyusinga dextran MW standard calibration
curve (standards at 50, 80, 150, 270, 410, and 670 KDa, S\giriah) by performing a linear
regression between log(MW) and retention time. Data were reported as Mp, the mode of the

molecular weight distribution.
GMMA and glycoconjugates formulation
Formulations and related activities were performed under a sterile hood in aseptic conditions.

Fourcomponent GMMA with Alhydrogel formulation was prepared by adsorBingonneandS.
flexneri 1b, 2a and 3a GMMA in NaCl 154 mM NaPQx 10 mM pH 6.5 on 0.7 mg/mL (A1)
Alhydrogel at the final concentration of 12@/mL total OAg (30eg/mL each OAgQ). Further
dilutions for immunogenicity studies were performed with Alhydrogel diluent (0.7 mg/riLim
NaCl 154 mM NaHPQ; 10 mM pH 6.5). Foucomponent GMMA without Alhydrogel formulation
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was prepared by dilutin§. sonneandsS. flexnerilb, 2a and 3a GMMA in NaCl 154 mM NalPO,
10 mM pH 6.5 at the final concentration of £8/mL total OAg (3eg/mL each OAg). Further
dilutions were performed with NaCl 154 mM Ng#Q; 10 mM pH 6.5.

S. sonneandsS. flexnerilb, 2a and 3a glycoconjugates were first diluted in NaCl 154 mM at the final
concentration of 12g/mL total OAg (3eg/mL each OAg). Further dilutions were performed with
NaCl 154 mM (formulations without Alhydrogel) or 0.7 mg/mL3aih NaCl 154 mM (formulations
with Alhydrogel).

In-vivo Studies

Mouse and rabbit studies were performed at the GSK Animal Facility (Siena, Italy), in compliance
with the relevantegislation(ltalian D.Lgs. n. 262014 and EuropeabDirective 2010/63/UE) and the
institutional animal welfarepolicies of GSK.The facility is AAALAC-accredited.The animal
protocols were approved by the Italian Ministry of Health (project No. 1140/2&2@&pproval date
18/11/2020).

GSK is committed to the Replacement, Reduction and Refinement of animal studies (3Rs). Non
animal models and alternative technologies are part of our strategy and employed where possible.
When animals are required, application of robust study designglea@nd peer review minimises

animal use, reduces harm and improves benefit in studies.

Female, 5 weeks old CD1 mice (8 per group) were vaccinated intraperitoneally (i.p.) with 200 pL of
formulated antigens at study day O and 28. Approximately 100 pyL bleeds (50 pL serum) were
collected at dayl (pooled sera) and at day 27 (individual sendth final bleed at day 4@2-igure
3.1(A)).

Female New Zealand White rabbits Crl:KBL(NZW) (8 per group) were vaccinated intramuscularly
(i.m.) with 500 pL of formulated antigens at study day O and 28 or 0 and 84. Sera were collected on
study days1 (pooled), 27, 42, 83 (all animals) and 98 (animdis only received immunization at

day 84)(Figure 3.1(B,C). Maximum volume of blood was sampled accordingto i mal wel f &

good practices
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Figure 3.1 Immunization shemes used for studies in mice (A) and rabbits (B,C).

Sera analyses
ELISA

Sera collected at different time points were analysed by enfighke®l immunosorbent assay
(ELISA). ELISA plates were coatedyver night at P8°C, as follow: S. sonneiLPS at the
concentration of 0.5 pg/mL in PBS, flexnerilb OAg at the concentration of 2 ug/mL in Carbonate
Buffer, S. flexneri2a OAg at the concentration of 5 ug/mL in Carbonate BuSeflexnerida OAg

at the concentration of 1 pg/mL in PBS.

Plates were blocked 1 h at 25°C with PBS milk 5% and subsequently incubated for 2 h at 25°C with
the sera diluted 1:100, 1:4,000 and 1:160,000 in-P®&8en 0.05% 0.1% BSA (for mouse sera) or
PBS milk 5% (for rabbit sera). Bound antibodies were then deltatier 1 h incubation at 25°C with

an enzymdabelled secondary antibody (antiouse or artrabbit IgGalkaline phosphatase, anti
mouse IgG1, IgG2a, 1gG2b, IgG3 or Igdkaline phosphatase) in PBSveen 0.05% 0.1% BSA.

The presence of immunoreacting a@tisonnelLPS /S. flexnerilb, 2a, 3a OAg antibodies was
detected, after 1 h incubation at 25°C withifyophenyl phosphate substrate (Sighidrich)

solution, through formation of a yellow color detected by absorbance at 405 nm subtracted by the
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absorbance at 490 nm. The samples were tested in comparison to calibrated mouse or fabbit anti
antigens specific reference standard sera using a sigmoidal five parameter logistic (5 PL) interpolation
of sample on the standard curve. Results were expres&tdSA units/mL determined relative to

the reference serum. One ELISA unit equals the reciprocal of the dilution of the reference serum that

yields an OD of 1 in the assay.
L-SBA

Individual serum samplesollected at day 42 (mice and rabbits), 83 and 98 (rabbits) were tested
against bacterial strain§.(sonneb3G virG::cat[221], S. flexnerilb, Stansfield NTCT 5 strair8.
flexneri2a, 2457T strain an8. flexneri3a, 6885 strain) iserum bactericidal activitfSBA) assay
based on luminescent read@utSBA) as previously describd@22, 223] Briefly, heatinactivated

sera, baby rabbit complement (BRCjrom Cedarlane (Euroclorigused as an exogenous
complement sourééand diluted bacteria were mixed and incubated for 180 min at 37 806-

well Corning plateNote that a additional well containing buffer only was also added as negative
control and was used for fitting purposes. Furthermore, ratio of luminescence deftect&80amin

in wells containing buffer and BRC only and luminescendera Ois used to evaluate the optimal
growth in the assay and as quality control to validate the a&sthe end of the incubation, the plate
containing the assay reaction was centrifuged at 25 °C (room temperature, RT) for 10 minxat 4000
g. The supernatant was discarded to aeenbacterial debris, dead bacteria and the other SBA
reagents; the bacterial pellet was resuspended in PBS, transferred to whit&athand 96well

plates (Greiner Bi®ne, Kremsmaunster, Austria) and mixed 1:1 (v:v) with BacT@kr Reagent
(Promega, Mdison, WI, USA). After 5 min of incubation at RT on an orbital shaker, the
luminescence signal was measured by a luminometer (Synergy Biotek, Winooski, VT, USA).

Baby rabbit complement (BR®)as use®0% in the case &. sonneil5% in the case @. flexneri
1b and 3a, 7.5% in the casefflexnera. Phosphatbuffered saline (PBS) and LB medium (only
in the case 08. flexnerilb strain) were used for serum and bacteria dilutions for preparation of the

reaction mix.

Results of the assay were expressed as the IC50, the reciprocal serum dilution that resulted in a 50%
reduction of luminescence and thus corresponding to 50% growth inhibition of the bacteria present
in the assayk-or data analysis, agarameter notinear regression was applied to raw luminescence

data obtained at different dilutions tested for each serum sahriiley was performed by weighting

the data for the inverse of luminescence&ter equal to half of the first dilution of sera tested was

assigned to titers below the minimum measurable signal (i.e., 50).
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Statistics

Statistical analysis was performed using GraphPad Prism 7.-MWéney twotailed test was used
to compare the immune response elicited by two different formulations compared at same antigen
dose. Wilcoxon test matchgxhirs signed rank twtailed test wa performed to compare the response

induced by the same formulation at different timepoisignificance is set with a p of 0.05
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3.3 RESULTS

3.3.1 Characterization of GMMA and glycoconjugates

With the intent of comparing GMMA and glycoconjugation approaches for anlf4gd vaccine
againstShigellain animal models, OAg glycoconjugates were producgidg CRMig97, one of the
most extensively used carrier proteins in licensed vac{i®sGMMA were produced and purified

as previously reporteld8].

OAg from S. sonngiS. flexnerilb, 2a and 3a were extracted frétme corresponding GMMA217]

and independently linked to CRM. The nolecular size distribution of OAg used for conjugation
and OAg populations present on corresponding GMMA are reporfédhie 3.1. Notably, aly S.
sonneiGMMA had an additional population at higher molecular weight compared to the OAg used
for conjugation, corresponding to the group 4 capsule (G2&3). It is also noteworthyhat GMMA
present lipooligosaccharide chains at around 2 kDa, with core only or core plus few OAg repeating
units, which were removed during OAg purification for glycoconjugap@sduction Hydroxyl
groups along the OAg chain were randomly activated using the CDAP cyanilating agent, followed
by conjugation with lysine residues on CkMthroughthe formation of isourea linkagel218]
(Figure 3.2). Conjugates formation was verifisry HPLC-SEC, revealing the presence of higher
molecular weight peaks compared to the protein alwitk no detectable unreacted CRM TheS.
sonneiOAg conjugate was purified by size exclusion chromatographite S. flexnericonjugates

were purified by HIC. All conjugates were characterized by an OAg to protein weight ratio in the
range of 0.390.5, with < 25% free saccharideshouldbe noted that OAg to protein ratio was similar

for S. sonneGMMA (0.29), but higher and close to 1 for 8llIflexneriGMMA (Table 3.1). GMMA

had aparticulate size in the range 82.%60.4 nm as verified bpLS analysis, while glycoconjugates

size was estimated in the range 4739.5 kDa by HPLESEC using dextrans as standartisble

3.1).
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Table 3.1. Main characteristics of GMMA and glycoconjugates testemhimalstudes.

Tot al OAg/ OAgmol ecul a S
. distribut hze
w/ w rat.
GMMA | Sleo GMMA | Slyeo GMMA | Slyeo
conjugate conjugate conjugate
234 Kk
(G4 C) 160. 4
S. s 0.29 0.38 7%, 19.3 | (g 16| 47-3
2.2 K
S. fl 13.8 108. 9
1b 1.18 0.37 3°°° 113.6 | (g ;g 82.1
47 .1
S. fl 35. 8 109. 7
1.11 0.41 14. 2 209. 3
2 a L g W 14.4 | (0. 14
15. 2
S. fl 15.5 with 82.5
34 117 0.50 07 U Y ba (0. 17 329.5
shoul
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Figure 3.2.Purified S. sonneiS. flexnerilb, 2a and 3a OAg extracted from GMMA by acetic acid
hydrolysis were conjugated to CR through random activation of hydroxyl groups along the
polysaccharide chain using the cyanilating agent CDAP, followed by linkage with lysines on the

carrier protein.

48



3.3.2 GMMA and glycoconjugates comparsonin mice

GMMA and glycoconjugates were formulated, without and with Alhydrogel, in correspondinrg four
component formulations and tested in mice at four different OAg doses, ranging from 9.4 to 600 ng
of total OAg (2.3 to 150 ng of each OAQ).

Without Alhydrogel, GMMA elicited significantly higher IgG antibodies than glycoconjugates at all
testeddoses, both 27 days after first injecteomd14 days after the second injection, which was given

at day 28. Results reported kgure 3.3(A) are from the selected dose of 150 ng total OAg,
representative of what observed atthkk dosestested. The reduced OAgpecific IgG response
observed for glycoconjugates compared to GMMA was associated to lower bactericidal activity

against althe ShigellaserotypesKigure 3.3(B)).

When adsorbed on Alhydrogel, 27 days after the first injection, a higheDAgtigG response was
observed againsS. flexneri2a in mice immunized with GMMAvs glycoconjugates, while
comparable responses were induced ag&nsbnneiS. flexnerilb and 3a and post 2 against all
Shigella serotypes Kigure 3.3(C)). However, regarding sera functionality, GMMA induced
statistically significantly higher SBA titers against aBhigella serotypes compared to
glycoconjugatesHigure 3.3(D)). Upon second immunizatio®icMMA boosted the response either

when adsorbed on Alhydrogel or not, while glycoconjugates only when Alhyemdgelanted.
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Figure 3.3 Comparison of GMMA and glycoconjugatecdmponent formulations in mice in the abse(d) or presencéC,D) of Alhydrogel.

CD1 mice were immunized intraperitoneally (i.p.) at day 0 and 28 with 9 ng, 37 ng, 150 ng and 600 ng total OAg dos#, qresetration of
Alhydrogel was 0.7 mg/mL (Al. Results at 150 ng total OAg dose are reported here as representative of the other doses. Sera were analyzed by
(A,C) ELISA for LPSspecific §. sonngior OAgspecific S. flexner) total IgG (EUMmL) and(B,D) serum bactericidal activity (SBA) assay for
bactericidal titers expressed as IC50. Summary graphs of geometric mean units (bars) and individual levels (dots)dare pepOr@b; ** p <

0.01; *** p < 0.001.
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To further assess the differences between the immune responses elicited by GMMA and
glycoconjugate €omponent formulations, a detailed characterization ofjtiadity of the humoral
responsewas conducted. This included analysis of IgG subclassesIgM, in sera from

immunizations with 150 ng total OAg per dose.

In the absence of Alhydrogel, GMMA induced significantly higlesels oflgG1, 19G2, IgG3 and
IgM across all serotypes compared to glycoconjugsenAlhydrogelwas presentGMMA and
glycoconjugates elicited comparable levels of Ig@&dditionally, 1I9G2a, IgG2b, and IgM levels
induced byS. sonnegi S. flexnerilb, and 3a GMMA were comparable to those elicited by
glycoconjugates, whereaS. flexneriza GMMA induced higher levels than the corresponding
glycoconjugateslgG3 levelsinduced by GMMA werecorsistently highethan those elicited by
glycoconjugates, except f&. flexnerilb formulationswhich eliciteda similar responséd-{gure 34,
Table 3.2. Overall glycoconjugates predominantly elicited 1gG1, edasGMMA induced a
broader range of IgG subclassegy(ire 35).
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Figure 3.4.Characterization of the quality of the humoral response elicited by GMMA and glycoconjugates in mice. CD1 mice were immunized
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evaluated at day 42. Summary graphs of geometric mean units (bars) and individual levels (dots) are reported.
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Table 3.2. Comparison of GMMA and glycoconjugatesdmponent formulations in mice. CD1
mice were immunized i.p. at day 0 and 28 wifi® ngtotal OAg dose irabsence or presence of 0.7
mg/mL of Alhydrogel (AF*). MannWhitney twotailed test was performed on IgG subclasses and
IgM ELISA results at day 42: r(@ot significant)p > 0.05, * p < 0.05; ** p < 0.01; *** p < 0.001.

GMMOAUQ’ZE%{%%ZTS IgG1 | 1gG2a | 1gG2b | 1gG3 | IgM
S.sonnei | Day 42 p value ok ok Hohk ok Hokk
S. flexnerilb | Day 42 p value *x Hxx ok ok *
S. flexneri2a | Day 42 p value ns i Hkk kkk *
S. flexneri3a | Day 42 p value * kk *kk hk ns
cumA Xﬁggg;gf‘tes IgG1 | IgG2a | 1gG2b | 1gG3 | IgM
S. sonnei Day 42 p value| * ns ns Frk ns
S. flexnerilb | Day 42 p value ns ns ns ns ns
S. flexneri2a | Day 42 p value ns * o i i
S. flexneri3a | Day 42 p value ns ns ns * ns
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Figure 3.5. Characterization of the quality of the humoral response elicited by GMMA and
glycoconjugates in mice. CD1 mice were immunized i.p. at day 0 and 28 with 150 ng total OAg dose
in absence or presence of Alhydrogel. AB#\g-specific IgG subclasses have besaluated at day

42. Relative percentage of each specific IgG subelgtbsrespect to total IgG (ratio of geometric
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3.3.3 GMMA and glycoconjugatescomparisonin rabbits

The ame GMMA and glycoconjugate formulations were also compared in rabbits, at the dose of 600
ng of total OAg (150 ng of each OAd)he same immunization scheme already used with mice was

tested, but with intramuscular injection.

A strongerS. sonneiLPSspecific total IgG response was elicited by GMMA with respect to
glycoconjugates at all time points investigated, both without and with Alhydrieigelré 3.6(A,C)).
SBA titers paralleled the 1gG responségre 3.6(B,D)).

For all S. flexneriserotypes, the ar@®Ag IgG response elicited by GMMA was significantly higher
thanthat promoted bylycoconjugates onlgfter the first injectior(post ) and in the absence of
Alhydrogel Figure 3.6(A)). At day 42(after thesecondinjection post 2) the responses induced
were similar with the exceptionof a higher antS. flexneriza OAg IgG response elicited by
glycoconjugates compared to GMMA in the presence of Alhydi@gglre 3.6(C)). No differences

were observed in terms of bactericidal titers, evaluated at day 42, without or with Alhydrogel, for all

serotypesKigure 3.6(B,D)).
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Figure 3.6.Comparison of GMMA and glycoconjugatexdmponent formulations in rabbits in the absgiGB) or presencéC,D) of Alhydrogel.

New Zealand rabbits were immunized intramuady (i.m.) at day 0 and 28 with 600 ng total OAg per dose. If present, concentration of Alhydrogel
was 0.7 mg/mL (A). Sera were analyzed I(#,C) ELISA for LPSspecific 8. sonngior OAg-specific . flexner) total IgG (EU/mL) andB,D)

SBA for bactericidal titers expressed as IC50. Summary graphs of geometric mean unien(bardividual levels (dots) are reported. * p < 0.05;
**p <0.01; **p <0.001.
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3.3.4 Different immunization schedules in rabbits

Two different immunization schedules were compared in rabbits with GMMA and glycoconjugates
formulated on Alhydrogel. Animals were immunized at day 0 and 1 month (day 28) or 3 months (day
84) later.

Before the second vaccination, the abAg-specific 1IgG responses elicited by GMMA were
consistent across all serotypes at both day 27 (before the second immunization on day 28) and day 83
(before the second vaccination on day 84), excep félexnerilb, with higher IgG titers at day 83
compared to day 27After the second injection, there was significant increase of the IgG responses
against thé&. flexnerserotypes only when rabbits were immunized one month after primary injection.

No booster waslzserved foS. sonneieither with 1 month or 3 months interval schedule. Comparing

the responses elicited by GMMA post second dose, total IgG were higher with therfth schedule

for all Shigellaserotypes bu§. flexneri2a, for which IgG responses were similarglre 3.7(A)).

SBA titers analysed in po&tsera paralleled IgG responses, with exception of titers agaifiskneri

2a that were significantly higher at day&8lay 42 Figure 3.7(B)).

As observed with GMMA, glycoconjugates induced similar-@#ig-specific IgG responses among

all serotypes at both day 27 (prior to the second immunization on day 28) and day 83 (prior to the
second vaccination on day 84), except rsonneiwith higher IgG titers at day 27Second
immunization with glycoconjugates always boosted the total IgG response irrespectively of the
immunization scheme used, except $orflexneri2a with the 83 months protocolComparing the
responses elicited by glycoconjugsddter thesecond dose, total IgG were similar with th#& 6r G

3 month schedule for aBhigellaserotypes bub. flexneri2a, for which IgG response was higher at

day 42 Figure 3.7(C)). However, antibody titers were not bactericidal againstS3hdlexneri
serotypes when the second immunization was done 3 months after the fifSigome 8.7(D)).
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Figure 3.7.Comparison of two different immunization schemes for GMMA and glycoconjugate 4
component formulations in rabbits. New Zealand rabbits were immunized i.m. at day 0 antl 28 (0
month) or 0 and 84 (@ months) with 600 ng total OAg per dose in presence biry/mL of
Alhydrogel (AP"). Sera were analyzed #,C) ELISA for LPSspecific §. sonngior OAg-specific

(S. flexnerj total IgG (EU/mL) pre second vaccination (at day 27 or 83) and post second vaccination
(at day 42 or 98) and l¥8,D) SBA for bactertidal titers expressed as IC50 post second vaccination
only. Summary graphs of geometric mean units (bars) and individual levels (dots) are reported. * p <
0.05; ** p < 0.01; *** p < 0.001.
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3.35. Role d Alhydrogel on the immunogenity induced by GMMA and glycoconjugates

To further elucidate the role of Alhydrogel on the immune response elicited by GMbthngonent
GMMA formulations with and without the adjuvanere compared/Ne aimed to determine whether
Alhydrogel could enhance the humoral response induced by the combinafiosoningiS. flexneri
1b, 2a, and 3a GMMA. A similar assessment was also conducted foictmepbnent combination

of glycoconjugates.

In mice, use of Alhydrogel was detrimenthbth for GMMA and glycoconjugate the levels of
total IgG and serum bactericidal activity agai@ssonneiin line with whathas beembserved with
S. sonneGMMA alone[213]. No differences wermsteacevidenced againgteS. flexnerserotypes
(Figure 3.8(A,B)).
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Figure 3.8. Impact of Alhydrogel on the immunogenity induced by GMMA and glycoconjugates in
mice. CD1 mice were immunized i.p. at day 0 and 28 @itig, 37 ng, 150 ngnd 600 ng total OAg
dose. Results at 150 ng total OAg dose are reported as representative of the oth8etsese
analyzed by(A,C) ELISA for LPSspecific §. sonngi or OAg-specific 8. flexner total 1gG
(EU/mL) and(B,D) SBA for bactericidal titers expressed asolGummary graphs of geometric mean
units (bars) and individual levels (dots) are reported. * p < 0.05; ** p < 0.01; *** p < 0.001.
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On the contraryAlhydrogel worked agoodadjuvant for glycoconjugates, resulting in stronger IgG
response and SBA titers againstthé Shigellaserotypes, with the exception®f flexnerBa in SBA
only at the dose shown and at the higher one (600Rmg re 3.8(C,D)).

In rabbits, Alhydrogel did not enhance the immunogenicity elicite&tugellaGMMA. Total IgG
responses against &higellaserotypes were not significantly different, regardless of the presence of
Alhydrogel, either 27 days after the first injection or 14 days after the second injdeigome(
3.9(A)). Additionally, similar SBA titers were elicited, except at the day 42 timepainthich the
4-component GMMA without Alhydrogel induced higher SBA titers agadkexnerilb compared

to the adjuvanted GMMAHRigure 3.9(B)).

For glycoconjugates, the presenceAdfiydrogel consistently resulted in an increased total 19G
response after the firsiose,andafter thesecond dose only agairSt sonne{Figure 3.9(C)). The
sera bactericidal activitgt day 42mirrored the 1gG responsEigure 3.9(D)).
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Figure 3.9.Impact of Alhydrogel on the immunogenity induced by GMMA and glycoconjugates
rabbits New Zealand rabbits were immunized i.m. at day 0 and 28 with 600 ng total OAg per dose.
If present, concentration of Alhydrogel was 0.7 mg/mL3{AISera were analyzed Ii4,C) ELISA

for LPSspecific §. sonngior OAgspecific §. flexnen total IgG (EU/mL) andB,D) SBA for
bactericidal titers expressed as IC50. Summary graphs of geometric mean units (bars) and individual
levels (dots) are reported. * p < 0.05; ** p < 0.01; ** p < 0.001.
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3.4. DISCUSSION

Shigellais theleading bacterial cause of diarrheal diseaisguentlyassociated with AMRL96] and

listed by the WHO as a priority pathogen for which new interventions are urgently ngesjed
Currently, no widely available vaccines exist agaifs¢tigella although various OAgased
candidates are under clinical evaluation. The diverse distributioBhajella serotypes across
countries and over time, driven by OAg structural features, necessitates the development of multi

component vaccines to address the burden of shigell8$

In this work GMMA and thetraditional glycoconjugation approabhve been comparéar a multr
component OAghased vaccine agairShigella

Sugar length and polysaccharide to protein ratio are twekmellvn factorsthat caninfluencethe
immunogenicity of glycoconjugaté®25]. In previous work, bth for Shigellaglycoconjugatef226]

and GMMA [224, 226] it wasdemonstrated that OAg length did not significantly affect the ability
to induce functional antDAg IgG antibodies in miceHere, the OAg populations used for
conjugation to CRIb7, a carrier protein commonly usidglycoconjugate§/9], were similar in size

to those displayed on GMMA. Major difference remainedSosonneias GMMA also present a

very longgroup4 capsulg G4C)polysaccharide not used for conjugation.

Additionally, S. sonneGMMA and the correspondinglycoconjugatenada similar OAg to total
protein ratio, wiereas the ratio was higher forS. flexneri GMMA than corresponding
glycoconjugatesln a previous study he impact ofthe OAg densityon particle surfacéas been
tested withS. sonneGMMA only, revealingthat GMMA with different numbers of sugar chains per
total protein elicited a similar ar@®Ag specific IgG bactericidal response when compared at the
same OAg dosgr8]. However, the OAg to protein ratio could be critical for the immunogenicity of
Shigellaglycoconjugate§225]. It mustbealsoconsidered that GMMA have a nanopatrticle size and
not only provide Tcell help to the OAg chain@24, 226, 227]but also favothe presentation of
multiple OAg copies in their native bacterial environment. Furthermore, GMMA possess pathogen
associated molecular patterssich adipopolysaccharide and lipoproteins, that can provide self
adjuvanticity[108, 227] For this reason, GMMA and glycoconjugates were compared in this study

with and without Alhydrogel.

Comparison between GMMA and glycoconjugates was based e®Agtspecific IgG response and
bactericidal titersNumerousstudies have demonstratadassociation between ardAg IgG titers
and protection145]. Furthermore, a threshold level of serum IgG antibodies agaimgella sonnei

LPS has been proposed as a coreadéprotection, based on serological and efficacy data from two
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randomized, vaccineontrolled trials of &. sonneconjugate vaccine conducted in young adults and
children aged 14 years in Israel144]. Serum bactericidal activity haslsobeen proposed am

important readout foBhigellavaccineq228].

In the absence of Alhydrogel, GMMA elicited significantly higher 1gG antibodies than
glycoconjugates, both after first and second vaccination in mice. Morebgé&actericidal activity

of sera elicited by GMMA was higher in comparison to glycoconjugates. When adsorbed on
Alhydrogel, serotypespecific IgG responses became compardinle GMMA continued to elicit
significantly higher SBA titers than glycoconjugat&be hgher functionality could be linked to a
broader IgG isotype switch observed with GMNEZR9]. These results amnsistentvith previous

obsenationscomparingSalmonellasGMMA and glycoconjugates in mi¢é12].

Here GMMA and glycoconjugate technologie®re compared for the first time rabbits. Results
obtained confirmed improved immune response elicitedSbysonneiGMMA with respect to
correspondinglycoconjugateregardless of the presence of Alhydrodgedwever unlike the results
observed in miceS. flexnerilGMMA and glycoconjugates elicited comparable immune responses
rabbits

It is important to note thaELISA againstS. sonneivas performedusing LPS as coating antigen
Thereforeit cannot be excludetthat higher levels of antibodies against core or lipid A from GMMA
were quantified compared to those from glycoconjugate immunizalenerthelessprevious
immunizations with OAgnegative GMMAhaveconfirmed that these antibodies are not bactericidal
[230].

Alhydrogel has been used in clinlsettinggo further reduce potential GMMA reactogenididp?2].
Our resultssuggest no need of Alhydrogel to increase GMMA immunogenicitippth mice and
rabbits. This could be expected due to theaajfivanting nature of GMMA, and adding an adjuvant
to already highly immunogenic GMMA migketenbe detrimentalo theoptimal immune response.

Conversely Alhydrogelservesas adjuvant for the immunogenicity of glycoconjugates only in mice.

WhenShigella sonneandsS. flexneri2a glycoconjugates arffl sonneGMMA have been tested as
monovalent formulations in adults, no increasthe antiLPS IgG response has been observed after
a second injection with an interval oAweeks post first vaccinatigh99, 202] Here two different
schedules in rabbitsere compared, witlthe second vaccinatioadministered eithet or 3 months
after the first, teevaluatdf a longer interval could result in improvédoster and higher pesecond
vaccination response88oth GMMA and glycoconjugates were able to elicit serotype specific

antibodies that persetiup to 3 months post vaccination. Glycoconjugates boosted the response after
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both 1 or 3 months for all serotypes, but antibodies were not functional when the second vaccination
was given with a{B month schedule. This could be related to a different quality and functionality of
antibodies persisting at 3 months1 month post primary vaccination. Similarly abservationsn

adults, no booster was observedSosonneGMMA, regardless of the immunization schedule used.

An interval of 1 month resulted instead in increased respon&e flexneriGMMA after the second
injection. Overall a longer interval of 3 months between vaccinations did not result in improved
immunogenicity: all GMMA, butS. flexneri2a, induced stronger functional 1gG post second

vaccinatiorwith a1l monthinterval compared to & months interval.

In conclusion, two different approaches for the development of a ruoithponent OAg based
vaccine againsShigellawere comparedn bothmice and rabbitsSince esults obtained in the two
animal models were differenit will be interesting t@xamineclinical data that will become available
in the near future fronvarious OAg-based vaccines and in different age group populations to

determindf and how preclinical data can be predictive for humans.
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4. Development of a naltivalent vaccine against Shigella and

Salmonellainfections

4.1. INTRODUCTION

As alreadydescribedn Chapter 3Shigellais the leading cause dfiarrhealdiseasgeespecially in
LMICs [121, 130] increasingly associated AMR [133, 138, 196]

A well-considered and feasible clinical development pathway placeto supporthe licensure of a
Shigellavaccine[231]. However, even a highly efficacious vaccine may not be recommended,
prioritized, purchased, or widely adopted in LMICs, due to increasingly crowded and costly
childhood immunization programs, the continuing declines in overall diarrheal disease nraitity

and the recent introduction of other highority vaccineq77, 232] For this reason, combination of

a Shigellavaccine with another infant vaccine would increase its attractiveness, as recommended by
GAVI in the last Vaccine Investment Strategy (VIS) 2(233].

Different serovars dbalmonelleentericacause systemic diseases in humans. Among t8ebgphi

andS. Paratyphi A are responsible for typhoid and paratyphoid fever, respectively, and have a high
incidence especially in South and Southeast M$H8&]. Antibiotics are widely used, but increasing
levels of AMR are limiting their effectivene§s5, 160] Just likeShigella Salmonellaserovars are

also included in the WHO high priority list of AMR pathogd@84]. While several licensed and
WHOIi prequalified vaccines are available for typhoid fever, no vaccine currently exists ajainst

Paratyphi A. However, bivalent candidates targeting both diseases are in devel@pnent

In my PhD projectfor the first timethetetravalent GMMAbasedShigellavaccinealtSonflext2-3

[78] has been combinedith a bivalentSalmonellavaccine, consisting of the licensed typhoid
conjugate vaccine (MCRMig7, TCV) and theS. Paratyphi A O:2CRMji97 glycoconjugatg178].

After promising results in phase dltSonflex12-3 (see also Chapter 8 currently being tested in
phase 2 clinical trials in-gnonths infants in Kenya, where shigellosis is enderini¢al trials
NCT05073003 and NCT0666343@)19]. On the other hand, the bivaleBalmonellaconjugate
vaccine[Alfini R. et al., submitteflhas recently been tested in a phase 1 clinical trial in European

adults €linical trial NCT05613205), showing very strong immune response for both components.

This novel hexavalent vaccimas been formulateahd tested in different animal models to evaluate

its immunogenicity angossibleimmuncinterference occuing among the different PS components.

64



A multivalent vaccine tacklinghigellaand Salmonellasimultaneously could address a significant
unmet need. As these two pathogens coexist in many geographical areas, combining them into a single
infant vaccine could substantially contribute to AMR reduction, increase commercial attractiveness
through redued cost of goods, and improve acceptance among end users andaesafiloviders,

ultimately leading to higher and more equitable vaccination coverage.
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4.2 MATERIALS AND METHODS

Preparation and characterization of ShigellaGMMA

ShigellaGMMA were obtained from GVGH. They were produced from the following str&ns:
sonneib3GgiolR::kanquirG::nadAB gmsbB2::cagmsbB::ermS. flexnerilb StansfieldgolR::frt
gmsbB1la::frtgmsbB1b::frt,S. flexneri2a 2457TadolR::kan,gamsbB::cat, and. flexneri3a 6885
agdolR::kan,qamsbB::cat, and purified as previously descripég].

GMMA were characterized as described in Chapter 3. In addiipath A on GMMA was quantified
by Reversed Phad¢igh Performance Liquid Chromatography coupled with Mass Spectometry
(HPLC-RP MS) analysisas reported beloy214].

HPLC-RP MS for lipid A guantification

The lipid A in the GMMA samples was quantified via ithydroxymyristic acid content, which is
present as a primary ester in its structure. The process began with hydrolysis in which the ester bonds
between the glucosamine and thby&Iroxy fatty acid wex quantitatively cleaved, releasing the 3
hydroxy fatty acid. This released acid was then separated by reydrasel HPLC and quantified

using an MS detector. Both samples and standards were processed throughinen S®E
hydrophobic cartridge (Strata 2 EmOnLi ne Extr act i on, Cartridge
Torrance, CA, USA), which served to concentrate and desalt the analytes prior to analysis on a

Thermo Quantum Access triple quadrupole system.

Reverseebhase separation was achieved on a Luna 3u C8(2) cpléntn | 2 mm, 1
(Phenomenex) with amrL The pl@ientwasocarried @att thenflew ob .25 1
mL/min, using 100% eluent B (70% ACN, 0.05% formic acid), while eluent A (40% methanol, 0.05%

formic acid) was used to wash andeauilibrate the SPE cartridge.

The mass spectrometer was operated in negative ion modievitiillowingkey settingseSI spray
voltage of 4000 V, sheath gas pressure of 25,
300 AC, tube Il ens offset of 170, and ski mmer

1 mTorr, with a 6oV]IiShenM&necagy seéntatwds pr
of 0i 10 minutes with Q1 set to 243 £ 0.0#zfor 3-hydroxymyristic acid and Q3 to 59 + 0.62z

as the diagndi product ion, using a scan time of 0.5 seconds.
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Sample preparation involved diluting the samples in-tomd tubes with 50% isopropyl alcohol
(IPA), treating them with 0.25 M NaOH, incubating at 40 °C for 2 hours, cooling to 4 °C, and
transferring into HPLC lovbind vials.

A linear regression was established from tHey8roxy fatty acid standard, correlating peak areas to
concentrations, to calculate the analyte concentration in the sampieglering that each lipid A

molecule contains two-Bydroxy fatty acid ester groups.
Preparation and characterization of Salmonellaglycoconjugates

S. Paratyph A OAg (O:2)2e xtracted from the ED199 omtol R
[217]2and he Vi PS4 purified from Citrobacter freundiiNVGH 328 [235] and fragmented as
reported i236]2 were obtained from GVGH.

The O:2CRMug7glycoconjugate was produced using the procedure reporf2d8ih Briefly, O:2 at

4.5 mg/mL in 0.5 M NaCl and 50 mM ZXdlazabicyclo[2.2.2]octane (DABCO) pH 9 was activated
with a solution of CDAP in acetonitrile using a 0.2:1 weight ratio CDAP/OAg. After 15 minutes in
ice bath, CRMe7was added to the solution in a CRIMOAg 1:1 weight ratio with final concentration

of 3.8 mg/mL. The reaction was mixed for 2 h at room temperature (RT). At the end, 1M glycine at
pH 9 was added (1:1 v/v with respect to the reaction mixture) to quench the reaction. The solution

was mildly mixed over night at RT.

The ViCRMig7 glycoconjugate was synthesized as described286]. Fragmented Vi was
solubilized in 100 mM MES pH 6 at a concentration of 50 mg/miHydroxysuccinimide (NHS)
and then 4Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC) were added to have 0.33 M NHS
and EDAC/Vi repeating units molar ratio of 5. The teactwas mixed at room temperature (RT) for
1h and then the protein, previously derivatized with ARBb], was added in a Vi:CRM;w/w ratio

of 1:1 to give a Vi concentration of 5.0 mg/mL in 20 mM MES pH 6 and mixed at RT for 2h.

The conjugates were purified by hydrophobic interaction chromatography (HIC) on a Phenyl HP
column (Cytiva Life Sciences, Marlborough, MA, USA), loaded in 20 mM gk 3 M NaCl at

pH 7.2. The purified conjugate was eluted in 20 mM PR(B} at pH 7.2 and the collected fractions
were exhanged against PhospHauéfered saline (PBS) by Amicon Ultra (Merck, Darmstadt,
Germany) 30 kDa ctuff.

Purified conjugates were characterized by micro BCA (Thermo Scientific, Waltham, MA, USA) and
HPAEGPAD [216, 217]for total protein and total PS content respectively and the PS to protein ratio

was calculatedThe HPAEGPAD method for Vi quantification is reported below, whhe method
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for O:2 quantification was developed in the context of this PhD project and will be described in depth
in Chapter 5Free O:2 was separated through reverse pbalggphase extraction (SPE) using Vydac

C4 SPE cartridgefl78], as described in Chapter &)d quantified by HPAE®AD (Chapter 5)

while for free Vi the unconjugated saccharide was estimated by HFXEC method[216] after
conjugate coprecipitation with deoxychold#l7, 238] Conjugates formation was verified by

HPLC-SEC, comparing the conjugates with unconjugated @R[220].

HPAEGPAD of Vi

To quantify the Vi PS, theameamino uronic acid HPAE®AD method already described in
Chapter 3 forS. sonnelDAg wasemployeal [216]. A standard oWi PS was used to construct the
calibration curven the 0.165 eg/mL range, with the standards undergoing the same hydrolysis and

analysis procedures as the samples.

Free saccharide quantification via DOC

The Vi gl ycoconjugat e eggndifppoleirlsasdweire @. 1 uMeMNa C€lo
processed as follows. A 1.5 mL aliquot of the
0.15 mL of a 1% deoxycholate sodium salt solwu
30 minutesg. oNexat chi3 1l ed 1 M HCI s g, the mixdune wa s
was centrifuged at 12,000 I g for 30 minutes
centrifugal evapator and then resuspended in an appropriate volume of water for the quantification

of free saccharide by HPAERAD, according to the methatescribed abovdn parallel, a sample

spiked with a known amount of free OAg was processed each time to verify the procedure, with spike

recoveries expected e inthe 80 120% range.
HPLC-SEC

Conjugates were analyzed via HRISCE C  wi t g injaction 8n0a Waters Acquity UPLC-H

Class PLUS Bio System. The analysis used a Ta&¥ gel 6000 PW column connected in series

with a Tosoh TSK gel 5000 PW columand aTosoh TSK gel PWH guard colunffiosoh,King of

Prussia, PA, USA)Theeluentwasc o mposed of 0.1 M NacCl, 0.1 M I
with af |l ow rate of 0.5 mL/ min. The column compe
autosampl er comp ar Thepeakicorresponding te (he¢ sachariae defe@ed

by differential refractive index (dRI), while UV detection at 214 nm and 280 nm are used for free
protan and conjugate detection. Protein and conjugate peaks are also detected using tryptophan

fluorescence (emission spectrum at 336 nm, with excitation wavelength at 280 nm).
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Preparation and characterization of multivalent formulations
Formulations and related activities were performeder a sterile hood in aseptic conditions
All the formulation conditions tested, named Conditions 1, 2 and 3, are summar&steime 4.1

Hexavalent drmulations tials

For Conditions 1 and 2, firsths. sonneandS. flexnerilb, 2a and 3a GMMAvere adsorbedn
Alhydrogel to reach the final concentrations of E2@mL total OAg (3Ceg/mL each OAg) and 0.7
mg/mL APR*, under continuous stirrindor 2 hours. ThenNaH,PQ; 100 mM pH 6.5 final
concentration ob to20 mftt Condition 1, and 20 to 50 mM for Conditiop @rd NaCl solution
1540 mM (154 mM i ) werdaslded, followed byfcantinaousl! starring 3@mmin.

After this step, two alternative options were selected for the addition of the glycoconjugates.

In Condition 1,a previously prepared solution of the conjugatets & 4 Na®l was added to the
adsorbed GMMAIn a 1:1 v/v conjugates:GMMA. The final concentration of each PS w&® of
e g / .mfter this addition, the formulations were stirffedr 15 h N 4 h

In Condition 2, the VICRM197( 5 0 e\ finmh¢oncentration) walirst added and the suspension
mixed for 1 hourFinally, O:2-CRMwo7( 5 0  €@Ag fmdl concentration) was added, followed by

continuous stirring for 15 h N 4 h.

Condition 3, which was the procedure selected for animal studies, is described in the following

paragraph.

Formulations for animal studies

Hexavalent formulation Condition 3exavalent vaccine formulations with Alhydrogel were
prepared by firstly adsorbing, under continuous stirrfBgsonneiand S. flexnerilb, 2a and 3a

GMMA on Alhydrogel to reach the final concentrations of E20mL total OAg (30cg/mL each

OAg) and 0.7 mg/mL Ar. After 2 hours, O:ZRMe7( 50 e€g/ mL OAg final C (
added and the suspension was mixed for 1 hour. TherpPN@HO0 MM pH 6.5%t0® mM i n t h
final formulatiors) and NacCl solution 1540 mlg werdabokd, mM i
foll owed by continuous -CRMw7( BDnggf ot ¥Yb6 minalF
was added, foll owed by c bunthen diutiansi fer imsnuriogemidityn g f
studies were performed with Alhydrogel diluent (0.7 mg/mé* &l NaCl 154 mM NakHPQ; 20 mM

pH 6.5).
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FourcomponenshigellaGMMA formulation with Alhydrogel was prepared as reporte@ivapter
3[78].

Bivalent O:2CRMy97 + Vi-CRMz197 with Alhydrogel formulation was prepared by firstly adsorbing,

under continuous stirring, ORRMwe7 ( 50 € g/ mL OAg fi nal concentr
mg/mL AP* final concentration). After 2 hours, NaPlQ: 100 mM pH 6.5 and NacCl solution
1540 mM were added to reach, respectively, 20
by continuous stirCRMg( 3 @re @O0Omimi ii. fFimal | gon&
followed by cont i nu &urtBer dutians foriimmgogenioity stutliés were N 4
performed with Alhydrogel diluent (0.7 mg/mL #lin NaCl 154 mM Nai#PQ; 20 mM pH 6.5).

All the formulations without Alhydrogel were prepared by diluting antigens in NaCl 154 mM
NaHPQ; 20 mM pH 6.5.

Formulations characterization

All formulations with Alhydrogel were characterized in terms of not adsorbed antigées.
supernatants collected after 0.2 Om ceRPMS$i fug
[214] to quantify unabsorbed lipid A GMMA contenising the method described above.
Alternatively, the % of not adsorbed GMMA was measured via HRRBO using the methods
describedin Chapter 3for S. sonneiOAg and totalS. flexneriOAg. Furthermore, the same
supernatants were analysed HRAEGPAD [216, 217]for free O:2 and Vi content, using the

method described above for Vi and the one reported in Chapter 5 for O:2
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Scheme 4.1Formulation conditions 1, 2 @n3 tested for obtaining hexavaleshigellaSalmonella

combinations.

Condition 1 Condition 2 Condition 3
used for animal studies

'Y ™ 4 ™
GMMA adsorption GMMA adsorption
Shigella GMMA Shigella GMMA

Alhydrogel Alhydrogel
\_ _/ _/
™) ™

Phosphate + Phosphate +
NacCl additions NaCl additions Conjugates addition
20-10-5 mM phosphate, pH 6.5 20-40-50 mM phosphate, pH 6.5 0:2-CRM1g7
9 g/L NaCl 9 g/L NaCl )
' : P ™\ ™\
Vi.cc::o;r{nugit;?;ggﬂonto Conjugates addition Phosphate +
a d51g§be 4 GMM A“‘T Vi-CRMq7 mixed for 1 hour, NaCl additions
11 v/ then O:2-CRMqg; 20 mM phosphate, pH 6.5

\, SUAL J 9 g/L NaCl
S
™\

Conjugates addition

Vi-CRMq7

J

In vivo Studies

Mouse rabbitand rastudies were performed at the GSK Animal Facility (Siena, Italy), in compliance
with the relevantegislation(ltalian D.Lgs. n. 262014 and Europeabirective 2010/63/UE) and the
institutional animal welfarepolicies of GSK.The facility is AAALAC-accredited.The animal
protocols were approved by the Italian Ministry of Health (prejsct: 643/2021PR with approval

date 12/08/20218172024-PR with approval dat2908/202).

GSK is committed to the Replacement, Reduction and Refinement of animal studies (3Rs). Non
animal models and alternative technologies are part of our strategy and employed where possible.
When animals are required, application of robust study designglee@nd peer review minimises

animal use, reduces harm and improves benefit in studies.

Female 5 weeks oldCD1 mice (10 per group) were vaccinated intraperitoneally (i.p.) with 200 pL

of formulated antigens at study day 0 and 28. Individual sera were collected at day€l27 and

Female New Zealand White rabbits Crl:KBL(NZW) (6 per group) were vaccinated intramuscularly
(i.m.) with 500 pL of formulated antigens at study day O and 28. Single sera were collected on study
days 27 and 42. Maximum volume of blood was sampled accordimgnti ma | wel fare

practices
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Female, 8weeks old Sprague Dawley rats (8 per groupgre vaccinated i.m. witl200 pL of
formulated antigens at study day 0 and 28. Individual sera were collected at day27 and

Sera analyses

Sera collected at different time points were analysed by ELISA accordingpmceduredescribed

in Chapter 3178, 194, 239]using as ELISA coating antiger$.: sonnelLPS at the concentration of
0.5 pg/mL in PBSS. flexnerilb OAg at the concentration of 2 ug/mL in Carbonate BuSeflexneri

2a OAg at the concentration of 5 pg/mL in Carbonate BuBeflexnerBa OAg at the concentration
of 1 pg/mL in PBS,SalmonellaParatyphi A OAg at the concentration of 2 pg/mL in Carbonate
Buffer, Vi PS at the concentration of 1 pg /mL in phosphate buffer.

Individual serum samples collected at day 42 were also tested against bacterialstsanagb3G
virG::cat[221], S. flexnerilb, Stansfield NTCT 5 strai8. flexneri2a, 2457T strain an8. flexneri

3a, NCTC9989 strainS. Paratyphi A ED199 strain) in SBA based on luminescent readout as
describedn Chapter 3223, 240, 241] Baby rabbit complement (BRC) was used 20¥6S. sonnei
andS.Paratyphi A 15% in the case @. flexnerilb and 3aand7.5%for S. flexnera.

Statistics

Statistical analysis was performed using GraphPad Prismi@ MannWhitney twectailed test was
used to compare the immune response elicited by two different groups. Wilcoxon test fpaiched
signed rank twdailed test was performed to compare the response induced by the same formulation

at different timepoints.
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4.3. RESULTS

4.3.1.Hexavalent formulation against bothShigellaand Salmonella

The fourShigellaGMMA from S. sonneiS. flexnerilb, 2a and 3a were combined w&hTyphi Vi-
CRMy7andS.Paratyphi A O:2CRMig7glycoconjugates. The different drug substances, whose main
characteristics are reported Trable 4.1, were combined at their highest envisaged human dose,
correspondi ngShigetaOAgmnd25ug of tacBalmandllaPS. The 4valentShigella
vaccine uses Alhydrogel as adsorbent, to contribute in reducing potential residual GMMA
endotoxicity, while ViCRMyg7is licensed without any adjuvant. To account for both situations, the
vaccinewas formulatedvith and without Alhydrogel.

With Alhydrogel, different formulation tests were performed, in order to have GMivadnly
adsorbedin the final formulation The addition of the twd&almonellaglycoconjugates did not
decrease the adsorption of GMMA on Alhydrogel, which was >95%, as verified by analysing lipid A
content in the supernatamb all the conditionsused the Vi-CRMz97 was mainly not adsorbed (55
85% not adsorbed V)i whereas by changing theoncentrations of the phosphate buffer in the
formulation conditions, not adsorbed @CRMse7ranged from 8 to 79%d@ble 4.2. In the following
animal studies, the formulation condition useste similar to those adopted for thhigellaGMMA
vaccine with 20 mM of phosphate bufféFable 4.2).
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Table 4.1 Main characteristics of GMMA and glycoconjugates used to formulate the hexavalent

vaccine.
Particle
Lipid PS Size
PS/protein | Free PS Lipid Altotal molecular Z-
Sample weiaht ratio % A/OAg rotein size average
9 (nmol/ug) (r?mol 1) distribution | (diameter
(KDa) in nm)
PDI
. 247.3
S. sonnei 162.8
GMMA 0.32 na 0.56 0.18 128.27 0.206
S. gimeArELb 1.18 na 0.39 0.46 113'78 10023'89
) 47.1
S. flexnera 109.7
GMMA 1.11 na 0.22 0.25 114.82 014
S. gm‘i\ma 1.17 na 0.37 0.43 115'85 %2'15
Vi-CRMzg7 0.41 10.2 na na 46.5 na
0:2-CRMz197 0.69 4.7 na na 11%0 na

na: not applicable
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Table 4.2.Different hexavalent formulation composition and formulates characteriz#tibthe
formulations have the following final compositich0 € g/ mL OAg (each GMMA,
46.2 nmol/mL total Lipid A)50 € g/; Q@ & @/ ;007 m@mL2APF*; 154 mM NaCl The
concentration ofodium phosphat@aP)) is reported, for each formulation, in the first column of the
Table.

Formul at |NOt @adsNot adsNot ads;s
For mul a d O: 2 Vi Lipid
procedur % % "
Hex aval
5 mM Na <138 na <1
Hexaval Conditio
10 mM N| GMMA adsor <18 55 <1
Alum (2 ho
Hexaval and Nacl a
mi nutes), <18 65 <1
20 mM Nlagqditsom K
Hexaval nd
50 mM N 66 70 (via H
PAD)
Hexaval Conditio <
18 71 <1
20 mM N| GMMA adsor
Alum (2 ho
Hexaval| and NaCcCl a
40 mM N| minut €R)Ms7 37 81 <1
addi tion A
Hexaval CRMoaddi ti
50 mM N 15 h N 4 79 85 <1
Conditio
GMMA adsor
Alum (2 ho
Hexaval CRMoaddi t i
20 mM N| hour), NaP 8 77 1
addi tion (
VICRMoaddi t
(5 h N 4

75



4.3.2. Immunogenicity study of the hexavalent formulation in mice

The hexavalent formulations with and without Alhydrogel were tested in mice. Animals were injected
twicei.p., 28 days apart, at 1/200 of the highest expected human dosevaleshigellaGMMA
and thebivalent Salmonellaglycoconjugates, with and without Alhydrogel, weneluded in the

study for comparisan

The hexavalent formulation, irrespectioé the presence of Alhydrogel, was able to induce a
significant IgG response against all antigens 27 &2%) after the first injectionKigure 4.1(A)).

Only for the O:2 component, in the absence of Alhydrogel, the second injection was needed for a
significant response. After the second injection (T42), the 1gG responses further increased for all
component$P values< 0.005 T27vsT42 of the hexavalent vaccirsgainstS.Paratyphi AS.Typhi

S. flexnerilb, 2a, 3a Only forS. sonnethere was a noeatatistically significant increase of 1gG for

the formulation with AlhydrogelR value > 0.005T27 vs T42 of the hexavalent vaccine agaiSst
sonne). All sera, tested after the second injectishowed serum bactericidal activity agaifst
Paratyphi A andhigellaserotypes, except for the antibodies agath&taratyphi A elicited by the
formulation without AlhydrogelKigure 4.1(B)).

Impact of Alhydrogel on IgG responses induced by the hexavalent formulation was also assessed.
Anti-Vi, -0:2, and-Shigella flexnerilb and 3a IgG responses were higher when Alhydrogel was
present in the formulation, whereas etisonneand Sflexneri2a IgG responses were similar with

or without it Figure 4.1(A)). Additionally, the hexavalent formulation with Alhydrogel induced
higher bactericidal titers againStParatyphi A,Shigella flexnerilb, 2a and 3a. No difference was
observed foS. sonne{Figure 4.1(B)).
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Figure 4.1. Hexavalent formulation tested in mice with and without Alhydrogel. CD1 mice were
immunized i.p. at day 0 and 28 with 75 ng/dose of ésugellaGMMA OAg and 125 ng/dose of
eachSalmonellaglycoconjugate. Concentration of Alhydrogel, if present, was 0.7 mg/mt*)(Al
Sera collected at days 27 (T27) and 42 (T42) were analysed by (A) ELISA fes@eadic total IgG

(S. sonneiS. flexneriandS. Paratyphi A), or for Vi total IgG expressed as EU/mL. Sera collected at
T42 were analysed by (B) SBA for species/serotypecific bactericidal titers expressed as IC50.
Summary graphs of geometric mean units (bars) and individual levels (dots) aredeport
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Importantly, when comparing the hexavalent formulation with Alhydrogel to the corresponding
bivalent Salmonellaand 4valent Shigella formulations, no evidence of negative immuno
interference was observed. Similar IgG responses (after both the first and the second injections) and
bactericidal titers (after second injection) were induced by all formulatiogsré 4.2(A-D)) against

all components. The only exception wiadlexneri3a, for which the hexavalent formulation induced

lower bactericidal titersampared to the-#alentShigellaGMMA (Figure 4.2D)). ForS.Typhi and

S. Paratyphi A, the hexavalent formulation induced more homogeneous responses, both in ELISA
and SBA and with endencytowardahigher response compared to the bivalent formulaiayu¢e
4.2A,C)).

Interestingly, in the absence of Alhydrogel, the presence of GMMA in the hexavalent formulation led
to significantly higher aniVi (at both timepoints) and ar®:2 (at day 42) IgG responses, compared

to those induced by the bivalent vaccire(re 4.2(A)). However, without Alhydrogel, sera against
S.Paratyphi A were not bactericidal, even in the presence of GMAtAu(e 4.2(C)).
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Figure 4.2 Hexavalent formulation tested in mice with and without Alhydrogel in comparison to bigdénbnellaglycoconjugate an&higella
tetravalent GMMA vaccines. CD1 mice were immunized intraperitoneally (i.p.) at day O and 28 with 75 ng/dose $leigedaEMMA OAg and
125 ng/dose per ea@almonellaglycoconjugate. Concentration of Alhydrogel, if present, was 0.7 mg/nit)(Sera collected at days 27 (T27) and
42 (T42) were analysed by @), ELISA for OAg-specific §. sonneiS. flexneriandS.Paratyphi A) or Vi total IgG (EU/mL). Sera collected at T42

were analysed byQ,D) SBA for bactericidal titers expressed as IC50. Summary graphs of geometric mean units (bars) and individual levels (dots)
are reported.
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4.3.3. Immunogenicity study of the hexavalent formulation in rabbits

The hexavalent formulation with Alhydrogel was also tested in rabbits, and compared with the 4
valentShigellaGMMA [78, 194]and the bivalenSalmonellaglycoconjugate§l 78] [Alfini R. et al,
submitted. Rabbits were injected i.m. tite maximum envisaged human dose of each antigen (15 pg
ShigellaOAg and 25 pgsalmonellaPS).

Consistent with previous observationsmice, the hexavalent formulation induced significant IgG
responsesagainst each component in rabld& days after the first injection, with a further increase
following the second dose, except f8r sonnei(Figure 4.3(A)). Antibodies induced after two

immunizations were bactericid&tifure 4.3(B)).

A
S. Paratyphi A S.Typhi S.sonnei S.flex1b S.flex2a S.flex3a
_ . B R . . P=0.0078
105 b 0.0156 i Ms : p-goors : P=00078 == T27
* P=0.0078 : ° :
104+ . — . 00 -
y : : :
E
S 3]
o 10
o)
= 102
o]
re)
101 —
100
Hexavalent with Alhydrogel
B
S. Paratyphi A S. sonnei S. flex 1b S. flex 2a S. flex 3a
108 ] i : 3 W T42

1054

k 5 E ® 3

10 . g s z

- ] { i ]
:i not bactericidal

100 : J : 3

Hexavalent with Alhydrogel

SBA titers (IC50)

Figure 4.3. Hexavalent formulation tested in rabbits. New Zealand rabbits were immunized
intramuscolarly (i.m.) at day 0 and 28 with 15 pg/dose per 8hgellaGMMA OAg and 25 pg/dose
per eachSalmonellaglycoconjugate. Concentration of Alhydrogel was 0.7 mg/mL**jAlSera
collected at T27 and T42 were analysed by (A) ELISA for &pgcific total IgG $. sonneiS.
flexneriand S. Paratyphi A), or for Vi total IgG expressed as EU/mL. Sera collected at T42 were
analysed by (B) SBA for species/serotygpecific bactacidal titers expressed as IC50. Summary
graphs of geometric mean units (bars) and individual levels (dots) are reported.
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Similarly to mice, no evidence of negative immtnterference was observed in rabbits. The
hexavalent formulation induced comparable responses t8atmonellabivalent andShigella4-
valent formulationsKigure 4.4(A-D)). Additionally, as already observed in mice, the presence of
GMMA in the hexavalent formulation resulted in a more homogeneous SBA response 8gainst
Paratyphi A, with agndencytoward higher response compared to the bivalent formulation (GMR
hexavalent/bivalent = 2.17rigure 4.4(C)).
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Figure 4.4 Hexavalent formulation tested in rabbits in comparison to biv&8almonellaglycoconjugate an8higellatetravalent GMMA vaccines.
New Zealand rabbits were immunized i.m. at day 0 and 28 with 15 pg/dose pestegeltla GMMA OAg and 25 pg/dose per ea8almonella
glycoconjugate. Concentration of Alhydrogel was 0.7 mg/mE*jABera collected at T27 and T42 were analysed ) (BLISA for OAg-specific
(S. sonneiS. flexneriandS.Paratyphi A) or Vi total IgG (EU/mL). Sera collected at T42 were analyse@,By EBA for bactericidal titers expressed
as IC50. Summary graphs of geometric mean units (bars) and individual levels (dots) are reported.
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4.34. Immunogenicity study of the hexavalent formulation in ats

The hexavalent formulations/ith and without Alhydrogelwerealsotested inrats, in comparison
with corresponding bivalent and tetravalent control growpg;h were similarlyformulated with and
without Alhydrogel For Shigellg it was verified that the rat model bestimic human responses
[CaradonnaV. et al., submitted. Moreover, the rat model ifequently used to evaluate the
immunogenicity of multivalent vaccin@s whichimmunaointerferenceamong various antigens may
occur[242, 243] The ras received twd.m. injections28 days apartyith each dose containing 0.6

pg of OAg perShigellaGMMA and 1.0 ug peSalmonellaglycoconjugate.

Both the hexavalent formulation with Alhydrogel and the one without induced significant 1gG
responses against all antigens 27 days after the first vaccination; a booster effect was observed after
the second injectio(P values < 0.005; T2VsT42 of the hexavalent vaccine agaiSsParatyphi A,

S.Typhi, S. flexnerilb, 2a, 3aS. sonngi All sera,at day 42showed serum bactericidal activity
againstS.Paratyphi A andhe ShigellaserotypesKigure 4.5(B)).

The presence of Alhydrogélad adifferentimpact on the specific IgG responses induced by the
hexavalent formulatiorAnti-Vi (both timepoints);0:2 (only post 2) andShigella flexneriLtb OAg
(only post 1) IgG responses were highdren Alhydrogel was present in the formulatiormereas
antiS. sonne(post 2)and-S.flexneri2a(post 1) OAgIgG responses wedrongerwithout it. The
responses again§. flexneri3a were similar regardless of Alhydrogéligure 4.5(A)), and no
differences were evidenced in SBRidure 4.5(B)).
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Figure 4.5 Hexavalent formulation tested iatswith and without AlhydrogelSprague Dawley rats
were immunized m. at day 0 and 28 with.6 pg/dose of eackhigellaGMMA OAg and 1ug/dose

of eachSalmonellaglycoconjugate. Concentration of Alhydrogel, if present, was 0.7 mg/m) (Al
Sera collected at days 27 (T27) and 42 (T42) were analysed by (A) ELISA fes@&dic total IgG

(S. sonneiS. flexneriandS. Paratyphi A), or for Vi total IgG expressed as EU/mL. Sera collected at
T42 were analysed by (B) SBA for species/serotypecific bactericidal titers expressed as IC50.
Summary graphs of geometric mean units (bars) and individual levels (dots) aredeport
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When comparing the hexavalent formulation with Alhydrogel to the corresponding bivalent
Salmonellaformulations,all vaccines induced similar anfi 1IgG responses after both the first and
second injectionsAlthough the hexavalent formulation elicited a higher-&ng 1gG response than

the bivalent vaccine after the second injection, the bivalent formulation induced higher SBA titers
(Figure 46(A,C)). In the absence of Alhydrogeip differences were observed in the responses
againstS.Paratyphi A, both IgG and SBA, whitke hexavalent formulation elicited a lower aviti

lgG response after the first injectionngpared to the bivalent vaccif€igure 4.6(A,C)).

No evidence of negative immuiiaterference was observatthe responses agairsigellawhen
comparing the hexavalent formulation to the tetravamgellaGMMA vaccine, regardless of the
presence of AlhydrogelSimilar IgG responsesvere observed for most componéatsut for S.
flexnerilb, for whichthe hexavalent formulation induced higher titers than the bivalent e&eaimd
comparabléactericidal titers were induced aftbe second injection by all formulations against all
componentgFigure 4.6B,D)). However, forS. flexneri3a in the absence of Alhydrogetihe
hexavalent formulation induced lower bactericidal titers compared tettiagalenShigellaGMMA
(Figure 4.6(D)).
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Figure 4.6. Hexavalent formulation tested mtswith and without Alhydrogel in comparison to bivaleddlmonellaglycoconjugate an&higella
tetravalent GMMA vaccinesSprague Dawley ratsere immunized m. at day 0 and 28 with.6 pg/dose per eacBhigellaGMMA OAg and 1
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(T42) were analysed by (B) ELISA for OAg-specific S. sonneiS. flexnerandS.Paratyphi A) or Viotal IgG (EU/mL). Sera collected at T42 were
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reported.
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4.1. DISCUSSION

Shigellais leading bacterial cause of diarrhre¢ated mortality and is associated with linear growth
faltering and stuntind244]. Its resistance to nearly all antimicrobial classes is increasing in
prevalence and becoming globally dominant, highlighting the urgent need of new interventions to
prevent and treaBhigellainfections[245]. Several vaccine candidates are approaching phase 3
clinical trials[139] and the pathway for licensure of a standalone vaccine has been d28agd
However, combination of 8higellavaccine with other infant vaccine candidates could increase its

commercial attractiveness and has recently been recomm@dBidd

Different criteria can drive the selection of an optimal combination vaccine, including technical and
clinical feasibility, diseases attributes (burden of disease, geography, target population, etc..),

stakeholder interest and speed of development.

Licensed typhoid conjugate vaccines have been considered among the most easily and valuably
vaccines to combine with$higellacandidatg77]. Moreover, a licensure pathway to combine TCV
with S.Paratyphi A is already in pla¢és].

In my PhD projectfor the first time, a multivaler8higellavaccinewas successfully combinedth

a Salmonellabivalent formulation, containing both typhoid and paratyphoid conjugate vaccines,
demonstrating that a combination of multiple GMMA and glycoconjugates is technically feasible and
immunogenic.When choosing the components of the hexavalent formulation, cansdmatmes
already advanced in cliniwere selected. In particulahe 4componentShigellaGMMA vaccine

which is in phase 2 clinical trials in the target populatichnical trials NCT05073003 and
NCT06663436)and the bivalent glycoconjugaBzgimonellavaccine, which has completed phase 1
(clinical trial NCT05613205)were used

To account for the presence of Alhydrogel as an adsorbent in the tetréSMailgeitavaccine[78],
formulation conditions to combine GMMA aighlmonellaglycoconjugates, without impacting their
adsorptiorwere identified However, recent studies suggest no need of Alhydrogel neither to increase
GMMA magnitude, quality, or functionality of the antibody response ind{it@d, 213]nor to
reduce their potential residual reactogenic8iigellaGMMA formulated without Alhydrogel were

well tolerated in rabbitf213] and analysis by a human monocyte activation test (MAT) showed that
GMMA, with or without Alhydrogel, induce a similar level of-l.releas¢213, 246] For this reason,

both formulation with and without Alhydrogel were tested in naind rats, observing an enhanced

antibody response agair&tParatyphi AShigellaflexnerilb, 2a and 3a when Alhydrogel was used,
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and no difference fdB. sonnein mice; no difference antibody response was detecitedats. The

results in mice are different from what previously observed with GMMA only, in which presence of
Alhydrogel did not result in an increaddumoral responsgl94]. We can assume that, in a more
complex formulation, the presence of Alhydrogel could favor the response directed against each

antigen.

In general, multivalent formulations are quite complex, and there is the need to develop and validate
appropriate assays to accurately characterise each comp8@nfS content is one of the critical
quality attributes of a RBased vaccine, and the availability of analytical methods to independently
guantify each single PS antigen is fundamental for vaccine release, as well as to monitor its stability

and ensure apppriate immune responses.

Methods have been developed to independently quantify the Vi PSSOs@nneandS. flexneri

OAg [214, 216, 217hand to check their adsorption on Alhydrogel and they will serve to mehsure
stability of the single components in the multivalent formulatlarparticular, the method for O:2
guantification was developed in the context of this PhD project and will be described in depth in
Chapter 5

In general, combination vaccines may be less effective than vaccines administered separately, as one
of the potential risks of multivalent vaccines failure could be due to negative immunological
interferencq180]. Here,it wasshowr¥zin mice rabbitsand rat¥:the possibility to combine the 6
different antigens with no negative impact on the humoral immune response elicited by each of them.

Theresults obtained in the different animal models are summarizEabie 4.3.
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Table 4.3 Comparison of eéxavalent formulationsbivalent and tetravalent vaccinesanimals,in

the presence or absence of Alhydrogel.

Alhydrogel Response Mice Rabbits Rats
S.Paratyphi A Similar Similar Lower SBA
S.Typhi Similar Similar Similar
+ S. sonnei Similar Similar Similar
S. flexneri Similar,
. except lower SBA Similar Similar
1b, 2a, 3a :
against3a
S.Paratyphi A Similar (no SBA) Not tested Similar
: Higher 19G, Lower IgG,
S-Typhi both timepoints Not tested post 1
i S. sonnei Not tested Not tested Similar
S. flexneri Similar,
: Not tested Not tested except lower SBA
1b, 2a, 3a :
against3a

A combined vaccine againShigellaandSalmonellahas the potential to address a huge medical need
considering a burden of 148,202 deaths and 10.6 million disahdjtysted lifeyears (DALYS)
caused byshigella,110,029 deaths and 8.0 million DALYs caused by typhoid fever, 23,337 deaths
and 1.6 million DALYs caused by paratyphoid fever, among all ages in A®#9. In addition,
Shigellaand TCV affect same regions in Africa and Asia, &aratyphi A mainly affect Asia
[154].

The Shigellaand Salmonellavaccines both target infants. A possible obstacle to their combination
could be related to the number of doses required and age of the target population. Indeed, TCV is a
onedose vaccine, while 2 doses could be neede8Haellaand/orS. Paratyphi A. Furthermore, to

extend protectiorrecent data on persistency of antibodies elicited by TCV could suggest the need

foraboosterdos®5 years after their prim@4lly dose, or

Licensed TCVs are currently administered at the WH®dth or 15month Expanded Programme
on Immunization (EPI) time point. This age is compatible with bivalent enteric fever vaccines in

development, as paratyphoid A is uncommon in children aged <9 nj@bthBorShigellathe peak
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of disease is in the second year of life and the current WHO Preferred Product Characteristics (PPC)

preference is for a maximum of 2 primary doses in children <1 year ¢248k

Development of such multicomponent vaccines also requires more thoughts about the clinical
development pathway considering current regulatory guide]it83. Despite some difficulties in

the selection of an optimal combination dblaigellavaccine, this work represeritsefirst evidence

of the possibility to combin&higellawith Salmonellabivalent glycoconjugates arpgtesentsnain

criteria that could drive the development of meliimponent vaccines, highlighting their benefits to

address huge medical needs with strong impact on global health.
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5. Development of novel analytical methods for identification
and quantification of each single polysaccharide antigen in

Shigellaand SalmonellaOAg-based multivalent formulations

5.1. INTRODUCTION

Polysaccharidéasedsaccines are characterized by many critical quality attriq@@As)thatneed

to be evaluatedluring the manufacturing process, inorleo ensur e and confirm
content, potency, stability, purity and sterilityn particular, he quantification of PSas active
ingredient,s crucial for vaccine releast®, monitor stability to ensure appropriate immune response

andt o serve as a me as u.rCenseguentlyit s @nportantte identiéy dobustp ot e
and precise analytical methods, whether physicochemical or biological, to accqraetyy the
saccharide conterj49]. In the case of multivalent vaccines, finding a single procedure that is

suitable forthe specific measurementalf thecombined components particularly challenging

Many methods can be used for tietermination of PS contef249]. HPAEG-PAD is a reliable
techniqudor thequantificationof themonosaccharidesonstituting the polysaccharidehis method

is characterized by very high levels of precision, reproducibility, and specificity for saccharide
guantification moreoveyit does not involve carbohydrate derivatization for sensitive detd@fdh

251]. Polysaccharide antigens need to be analyzed after cleavage of their glycosididdogldase

the monosaccharide units. The hydrolysis stetypscally specific to each polysaccharjdes it
depends on the repeating unit structure, properties, and glycosidic liNatgbly, when aiming to
quantify each individual component in multivalent formulations, it is not possible to identify a single

monosaccharide conserved across different polysaccharide arfjig&hs

In this study,a novel analytical methodased on HPAE®AD was developed, enabling the
individual identification and quantification of each PS antigefaimonellaDAg-based multivalent

formulations

Multivalent OAgbased vaccines containing the main diseasesing serovars &almonelleenterica
are under developme5]. Forthe nonSalmonellaTyphi serotypesandS. Paratyphi AOAg is the
key target of protective immunitj164-166]. The SalmonellaOAg share a common backbone
constitutedof repeating units of mannose, rhamnose, and gala¢ghseose can be branched to
galactose)and have a different 3 @deoxy monosaccharide linked to the backb{i/, 168]

(Figure 5.1). Dideoxyhexoses such as paratose (Par), abequose (Abe), or tyvelose (Tyv) confer
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Salmonellaheserogroup specificity (SPa, STm, and SEn OAg, respectivEiy)ie 5.1) [169-171].
Moreover,SalmonellaOAg could show high levels of heterogeneity in terms of chain length and

variation in QGacetylation and glucosylation of the repeating Udi6é¥, 168, 172175].

. Man ( ]

O Gal Salmonella

A Rha . B OAg RU
Gl

. ° ~ ~

OH Abe Tyv Par
OH o o
° HO HO
OF ~
OH
OH OH OH
S. Typhimurium S. Enteritidis S. Paratyphi A

Figure 5.1. OAg repeating unit structures &. Typhimurium, S. Enteritidis andS. Paratyphi A:

common backbone constituted by mannose, rhamnose, and galactose, with a terminal glucose and a
different terminal 3,&lideoxyhexose such as paratose, abequose, or tyvelose conferring serogroup
specificity (abequose f@. Typhimurium, tyvelose fo.Enteritidis and paratose f&:Paratyphi A).

In the pastas commercial standards for Abe and Par are not availabl¢hankree dideoxyhexoses

are unstable under the hydrolysis condition used for the quantification of the other monomers by
HPAEG-PAD, the presence and amount of these suwgars beemletermined byH-NMR [215] or,
alternatively by immunaassays sucascompetitiveEnzymelinked immunosorbent asségELISA)

or Formulated Alhydrogel competitive ELISA (FaclE53-255].

In my PhD projecta novel HPAEGPAD analysiswas developedfor the precise and specific
detection ofthe dideoxy monomerallowing identification and, consequentially, quantification of

STm, SEn and SPa OAglso in multivalent formulations.

Just likeSalmonellaserovarsShigellais alsoassociated with AMR, included in the leftpathogens
prioritized by the WHO for vaccine developmerjil5]. Different vaccinecandidates are under
developmen{73, 139] many of which based on th@Ag [197-199], recognized as key target for
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protective immunity{145, 200] The most advancefhigellavaccines share avialent composition

consisting ofShigellaflexneri2a, 3a, and either 6 or 1b, along wghigellasonneé [148, 149]

While S. sonnehasa unique OAg structurél) [216], all S. flexneriserotypes, exce@@. flexnerié
[256], sharea common OAg tetraaccharide backbor{g) (corresponding to serotype Y) decorated

with glucosylation and @cetylation in different positiormonferringserotype specificityl41, 142]
( ¥)-UL-AltpNACA-( 1 Y-B-FugpNACc4N-( 1)Y (1)
( Y 20L-Rha)lll-( 1 Y-BH)-Rhajll-( 1 Y-B)-Rhayl-( 1 Y-B-D-GleNAc-( 1Y) . (2)

Although HPAECPAD method have alreadpeen developetbr the specificquantification of the
S. sonneandsS. flexneri6 OAg[256], theS. flexnerilb, 2a, and 3a OAg, which have the same sugar
composition as mentioned, cannot be distinguished using this techhigu=an be quantified only

as total OAgAlternatively, immunoassays can be emplojgs8, 255]

In my project a novel analytical method based loouid chromatography (LC) coupled to mass
spectrometry (MSwas put in place to quantify tHe flexnerilb, 2a and 3a OA@q multivalent
formulations The OAg werepermethylatedfollowing the protocol for linkage analysisthe
monosaccharideserereleasd by acid hydrolysis and their reducing emndre derivatizedvith 1-
phenyt3-methyl5-pyrazolone (PMP), to be able to identify specific target monomers differentiated
for their linkage in the sugar chgip57, 258]

Thesenovel methodwill facilitate the characterization of multivaleBalmonellaandShigellaOAg-

based vaccines.
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5.2 MATERIALS AND METHODS

5.2.1 HPAEC-PAD method development forSalmonellaOAg
Materials
PurifiedSTm, SEn and SPa OAg weabtained from GVGH215, 217]

The OAgCRM;197 glycoconjugates were produced by random activation of the OAg chains with
NalOs and reductive amination with CRM, as reported for STm i220]. Briefly, each OAg at 10
mg/mL in AcONa 100 mM pH 5 was stirred for 2 h in the dark with 3.75 mM Nal@®e mixtures
were then quenchetb minutesvith 7.5 mM NaSGs, desalted against water using-20 Desalting
Columns Cytiva Life Sciences, Marlborough, MA, USA; formerly GE Healthcare Life Scignces
and lyophilized. The oxidized OAg were then added to GRM NaHPQ: 100 mM pH 7.2 to a
final concentration of 10 mg/mL of oxidized OAg and 5 mg/mL of GRIVNaBHCN was added
immediately after athe final concentrationof 5 mg/mL, and the reaction mixtures were stirred
overnight at 37 °C. Finally, NaBHNaBHs:OAg w/w ratio of 1 to 1) was added to quench residual
unreacted aldehydic groups of oxidized OAThe conjugates were purified by hydrophobic
interaction chromatography (HIC)n a Phenyl HP colum{Cytiva Life Sciences loading 50Cg

of protein for mL of resin ir20 mM NaHPQ; 3 M NaCl pH 7.2. The purified conjugate was eluted
against20 mM NaHPQs pH 7.2and the collected fractions were exhanged against PBS by Amicon
Ultra (Merck, Darmstadt, Germany) 30 kDa-ciit

Glucose, Galactose, Mannose, Fucose, Rhamnosecetylglucosamine, Glucosamjne
trifluoroacetic acid,NalOs, N&eSO;, NaBH:CN, NaHPQi, NaH.PQu, NaClwere purchased from
SigmaAldrich (Burlington, MA, USA). Tyvelose was purchased from Toronto Research Chemicals
(Toronto, ON, Canada). Sodium Hydroxyde 50% was purchased from JT Baker (Radnd8AA,

Optimized hydrolysis conditions

Using an Xstream Electronic Pipettor (Eppendc
added to 450 €L of a solution containing samp
closed and the content mixeg vortexing. The hydrolysis vials containing samples/standards were
placed in a SBH130D/3 Stuart Thermoblock equipped with three preheated SHT1 12 33 Stuart
aluminum blocks, at 75 °C for 1.5 hour. The temperature was monitored with a glass thermometer

insered in the aluminum block.
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After hydrolysis, the vials were removed from the block heater and cooled to room temperature. The

content of the vials was then evaporated to dryness through centrifugal evaporator.

After drying, the content of each vi al was r
vortexing. The content of each vial was transferred irdaraPrep Advance 96 Filter Plate 0.2 um
(Pall, Port WashingtonNY, USA), placed over a 96 conical BTM platéhermo, Waltham, MA,

USA) and centrifuged (Allegra A5 with SX4750 swingingpucket rotor and 393070 microplate
carrier; BeckmamCoulter, Brea, CA, USA) at 524 rcf for 2 min to collect filtered samples.

The plate containing filtered sample/standard solutions was covered wirhet8&t well Cap for 96
well PP Plat€Thermo, Waltham, MA, USPand put in the HPAE®AD autosampler compartment.

Optimized chromatographic conditions

The chromatographic runs were performed on-6080, ICS-5000 or ICS3000 equipped with
Chromeleon 7.2 (Thermo, Waltham, MA, USA) using the pulsed amperometric mode with gold

working electrode and Ag/AgCl reference electrode applying standard quad carbohydrate waveform.

The separation was performed on a Thermo CarboPac MA1 4 x 250 analytical column with Thermo
CarboPac MA1 4 x 50 guard column. The column and detector compartments were held at 25 °C,

and the sample compartment was held at 10 °C.

Chromatographic condition were the following

flow rate 0.4 mL/min, total run time 85 minutes.

Eluent program: (I) monosaccharides elution: 45 min, NaOH 60 mM, Sodium acetate 70 mM; (Il)
washing step: 15 min, NaOH 500 mM; (lll) column conditioning: 15 min, NaOH 60 mM, Sodium

acetate 70 mM.

For quantification, two calibration curves were run, one at the beginning and one at the end of the
sample list. A solution containing standardized STm, SEn and SPa purified OAg was used to build

the calibration curves. Each sample was analyzed in tripliaad the results were averaged.
Characterization of the method

Standard linearity

To assess the linearity of the method, three different replicates of the calibration curve were tested at
concentrations of 1.5, 4 7, 11 and 15 g/ mL

and their chromatographic run order were randomized.
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A linear regression analysis on the data generated was performed.

Accuracy (spike recovery)

The spike recovery was evaluated oscéution containing a mixture of STm, SEn and SPa OAg
CRMaze7 glycoconjugates. In four different analysis sessions the sample was analyzed diluted to 2
eg/ mL, without spiking as a reference and r esfg
curve. Both sample preparation order and chromatographicden were randomized. Confidence
interval of the spike recovery values was calculated among the different analysis sessions.

Statistical Analysis

Statistical analyses were performed using Minitab 18.1.0 (Minitab Inc., State College, PA, USA).
5.22.LC-MS method development forShigella flexneriOAg
Materials

Purified OAg from S. flexneri 1b (strain S. flexneri 1b Stansfield qiolR::frt gmsbBla::frt
gmsbB1b::frt), 2a (straif. flexnerRa 2457TqiolR::kan,qamsbB::cat), 3a (strai8. flexnerBa 6885
giolR::kan) GMMA,were obtained from GVGI217].

Shigellaflexnerilb, 2a and 3& MMA were obtained from GVGH78].

Glucose, N, N Nyjadety|thitotriose, sucrose, iodomethane (Mel), PMP, acetonitrile (ACN),
dichloromethane (DCM), dimethylsulfoxide (DMSO), trifluoroacetic acid (TF)monia solution
28.0% in watermethanol NH4sAc were purchased from Sigr#edrich (Burlington, MA, USA).
Sodium Hydroxyde 50% was purchased from JT Baker (Radnor, PA, USA).

Permethylation Reaction

Shigella flexnerilb, 2a and 3a purified OA{separately or in combinatiorgnd corresponding
GMMA (in combination) weregpermethylatedusing iodomethane in a solution of DMSO and
concentrated NaOH.

The NaOHDMSO base was freshly prepared before each permethylation re@&#jnFirst, 100

puL of a 50% w/w aqueous NaOH solution was mixed vigorously with 200 pL of methanol. Next,
approximately 4 mL of DMSO was added to the mixture and shaken vigorously, causing the
bicarbonates present in the NaOH solution to precipitate as e, Wity solid. The tube was then
centrifuged at 3000 x g for 5 minutes, and the precipitated white solid at thelkaopg with the
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excess DMSO was carefully removed, ensuring that the bluish sol at the bottom was retained. This

process was repeated four additional times until no further white solid precipitation was observed.

Finally, the resulting NaOHDMSO sol at the bottom was muokevith 1 mL of DMSO and used

directly for the permethylation reaction.

The prdocolreported i259] was followedwith slight modifications. Following lyophilization, the

samples (10 or 100 pg of each purified OAg or GMMA) were resuspended in 50 pL of DMSO. Then,
75 pL of the NaOH base in DMSO were added, followed by 25 pL of Mel. The reaction mixtures

were gently mied for 30 minutes at RTAt the end, 100 pL ofce-cold water, which prevents

temperature increases and degsraddedat i on fr om

To remove the excess of the reagents, a cléigsidl-liquid extractionwas performedvith 1 mL
DCM, followed byfour washes with ice&old water. The upper aqueous Iamerediscarded, and

the remaining organic layer containing permethyl&@éd) was collected and dried.

To increase the throughput of the procedure, in alternative to the-liquid extraction, the
guenchedmixtures wereloaded onto C18 tipgThermo Scientific, Waltham, MA, USA
preconditioned withACN and preequilibrated withvater. These tipsetained the permethylated

sampleswhile the solvents were expelled and discar@dsequently, the tips were washed five

times with 100 pL of water, and the permethylated samples were eluted using 5 x 100 pL of ACN

and then dried

Acid Hydrolysis Conditions

Using screw cap vials, the dried permethylated samples were resuspended in a solution of 1:1 water

to TFA 8 M vlv, resulting in a final concentration of TFA 4 Whe vials were placed ioven at100
°C for4 houss. After hydrolysis, the content of the vials was evaporated to drynessglttzentrifugal

evaporator.
Derivatization with PMP

The released permethylated monosaccharide residues were derivatized with PMP, fdthewing
procedurepublished in260]. Briefly, the samples were added of010 ¢ Lwater indmixed with
400 &L ammo 280% inwaierand0iOore L 0. 2 M PMP soluti on
were placed in arhermoblockat 70 °C for 30 minuteandthen dried by vacuum centrifugation.

Subsequently, the samples were resuspended in 500 pL of water.
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Ultra Performance Liquid Chromatography coupled with Mass Spectrometry in Parallel
Reaction Monitoring mode (UPLC-PRM MS analysis)

Separation and analysis of the permethylated fa8Eled monosaccharides were carried out on a
mass spectrometer-Exactive Plus (ThermoFisher) coupled to a liquid chromatographer Ultimate
3000 (ThermoFisher). For analysis2 ¢ L of s ampdna AGQUITeUPLO'BERICt e d
C18 Column (130A, 1.7 um, 2.1 mm X 50 mm) and separated using the following gradient with a
constant flow rate of 0.2 mL/min. Mobile phase A was 25 mMAHN 5% ACN/water (v/v), at pH

8.2; mobile phase B was 95% ACN/water (v/v). Tlolowing gradient conditions were used:
0.00126.00 min, 17.00% B; 26. 00126.01 min, 1
28. 00128.01 min, 99.00117.00% B; 28.01130.00

The mass spectrometer was equipped with an electrospray ionization (ESI) source operating in
positive ion mode. Nitrogen drying and sheath gas werats and 5 a.u.while the capillary
temperature asset at 29€C. The analysis was performed in Parallel Reaction Monitoring (PRM),
setting in the inclusion list the parent mass of the derivatized monosaccludridesest Higher

energy collisional dissociation (HCD) was a&5 or 30 a.u.

The raw data were then analyzed comparing the retention time and the fragmentation mass spectra of

the derivatized samples
Alternative methodsto LC-MS

Permethylated PMPabeled monosaccharide®re analyzed viReversed PhaddPLC (UPLGRP)

using a Waters AcquityPLC H-Class PLUS Bio SystenSamples were injected (1 uL) on a
ACQUITY UPLC BEH C18 Column (130A, 1.7 um, 2.1 mm X 50 mm) using the same mobile phases
used foUPLC-PRM MS. The foll owing gradient was wused
mi n, 17.00190. 00% B; 20.00122.00 min, 90. 00T :
constant flow rate of 0.7 mL/min. The column compartment was held at 50 °C, asdntipée
compartment was held at 20 °C. The samples were detectéfmn2JV ABS.

Permethylated monosaccharidesre analyzed via HPAERAD. The chromatographic runs were
performed on IC$%000 ICS-50000r ICS3000 equipped with Chromeleon 7.2 (Thermo, Waltham,
MA, USA) using the pulsed amperometric mode with gold working electrode and Ag/AgCl reference
electrode applying standard quad carbohydrate wavefdha. separation was performed on a
Thermo CarboPac MA1 4 x 250 analytical column with Thermo CarboPac MAL1 4 x 50 guard column.

The column and detector compartments were held at 25 °C, and the sample compartment was held at
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10 °C.Chromatographic conditiew e r e : 10 €L injection volume (|
mL/min, total run time 85 minute&luent program: (I) monosaccharides elution: 45 min, NaOH 60

mM, Sodium acetate 70 mM; (Il) washing step: 15 min, NaOH 500 mM; (lll) column conditioning:

15 min, NaOH 60 mM, Sodium acetate 70 mM.
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5.3 RESULTS

5.3.1.SalmonellaOAg HPAEC-PAD method development

Identification of optimal @qg hydrolysis conditions

For HPAECPAD identification and quantification of STm, SEn and SPa OAg targeting the dideoxy
monomers, less stable with respect to the other backbone sacchahgesolysis with2 M TFA,
milder hydrolysis conditions allowing maximum release of the monosaccharides while avoiding their

degradation needed to be identified.

Starting from acid hydrolysis conditions used thoe backbone monosaccharides (2 M TFA, 100°C,
4 hours), each single purified OAg and the commercial, Tigedas a referengevere testedn a
hydrolysis kinetieexperimen{from 1 to 5 hours)The results of this analysis showed a similar trend

for both Tyv standard and the three OAg, with peak areas decreasing ovEigare 5.2(A)).
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Figure 5.2.1dentification of optimaBalmonellZDAg hydrolysis conditions: (A) kinetic of hydrolysis
with 2 M TFA at 100 °C, HPAE@AD peak area % normalized on peak area at 1\shydrolysis

time is reported; (B ) Byarolysis at the temperatureE60°C, 80°C and 100°C with 2 M and 0.5

M TFA for 1 hour, HPAEGPAD peak area % normalized on peak area at the conditions 0.5 M TFA,
80°C, 1 hounvstemperature is reported; (C ) €irdetic of hydrolysis with TFA 0.25 and 0.5 M at 80
°C, HPAEGPAD peak area % normalized on peak area at the conditions 0.5AMBUFC, 1 hour
vshydrolysis time is reported.

The hydrolysis was repeated in milder conditions, keeping constant the time at 1 hour and changing
the temperature (60°C, 80°C and 100°C) and the TFA concentration (2 M and OIhévinct
promising hydrolysis conditions were 0.5 M TFA at 80R®y(re 5.2(B, ))BMoreover, with these

conditions only 6% of Tyv standard was destroyed. Considering the similarities among the structures
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of the Salmonella3,6-dideoxyhexoses, a similar behavior Abe and Par with respect to Tyvas

hypothesized

A further kinetic of hydrolysiexperimentvas then conducted in order to maximize the regowter

Abe, Tyv and Par and, at the same time, avoid the release of other monosaccharides coming from the
hydrolysis of the OAg repeating unit and the core. The OAg were hydrolyzed at 80°C, with 0.5 M
TFA (from 10 to 60 minutes) and 0.25 M TFA (from 30 mirsut@ 2 hours). The highest peaks were
obtained with 0.25 M TFA at 80°C for 90 minutdsgure 5.2(C, )ICTDhe Rha peak originating

from the OAg repeating unit was observed with a very low area when using 0.5 M TFA at 45 and 60
minutes, and with 0.25 M TFAt 90 and 120 minuteBinally, the temperature was slightly decreased

to 75°C,without affecting the area intensity éfbe, Tyv and Pawith respect t@0°C, butavoiding
complete release of the backbone monosaccharides.

Identification of optimal chromatographic conditions

HPAEGCPAD allows sensitive direct detection of carbohydrates with-regblution separation. Two
of the main factors affecting good separation are column and mobile phase composition. These two
variables were screened during optimizatiothefchromatographic conditions.

Different columns were tested: CarboPac PA1, PA10 and MA1. CarboPac PA1 and PA10 columns
have high selectivity for mor@nd disaccharide, instead CarboPac MAL1 is usually used for reduced
mono and disaccharide alditainalyseg261]. Since he CarboPac MAL1 afforded greater retention

of the 3,6dideoxyhexosest was chosen for tlseparation tests.

Several chromatographic conditions were tedtgglife 5.3), systematically changing concentrations

of sodium hydroxide and/or sodium acetate. The trials were conducted imotderyto separate

Abe, Tyv and Par, but also from other monosaccharides coming from the hydrolysis of the OAg
repeating unit or the car particularattention was focusedn 3,6dideoxyhexoses separation from
fucose, which can be present as impuf&§2], and rhamnoseone of the backbone monomers
Indeed, these sugars are the only ones appearing in the same retention time window of Abe, Tyv and

Par, while glucose, galactose and mannose elute Fatgné 5.4).
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Figure 5.3. Preliminary chromatographic conditions tested by playing with concentrations of sodium
hydroxide and/or sodium acetate in order to separate Abe (black), Tyv (blue) and Par (pink) among
them and from Fuc (light blue) and Rha (green), using CarboPac MAheolu
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Figure 54. HPAEGPAD chromatograms of Fuc (black), Rha (blue), Gal (green), Glc (light blue)
and Man (pink) in CarboPac MA1 column, showing only Fuc and Rhaglutthe same retention
time (RT) window of Abe, Tyv and Par

The final selected conditions, NaOH 60 mM plus sodium acetate 7@na¥ileccomplete separation
of all sugar peaksgure 5.5. However, the Rha peak still partially overlapped with those of Tyv
and Par. Nonetheless, the hydrolysis conditions were optimized to minimize the release of backbone

monosaccharides
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Figure 5.5. HPAEGPAD chromatograms of (blue) Abe, Tyv and Par obtained after hydrolysis of
STm, SEn and SPa OAg respectively, and (black) Fuc and Rha. Chromatographic run in CarboPac
MA1 column with NaOH 60 mM + sodium acetate 70 mM as eluent.
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5.3.2.SalmonellaOAg HPAEC-PAD method characterization

Standard linearity determination

To assess the linearity of the novel method, after a first screening inthera6gé 1 € g/ mL, t
different replicates of the calibration curve madth STm, SEn and SPa OAg mixed together were

run at the concentrations of 1. 5, 4 7, 11 an

A regression analysis on the data generated showed significant linear models for each OAg and not
significant lack of fit with the residuals normally distributddle 5.1 andFigure 5.6).

Table 5.1. Standard linearity determination for quantification of STm, SEn and SPa OAg by acid
hydrolysis followed by HPAEEGPAD: ANOVA on 3 replicates for the OAg calibration curve.

STm SEn SPa

Lack of fit (p) 0.849 0.571 0.856
Residual
normality 0.080 0.544 0.258
(p, AD)

Linear coefficient (p) <0.001 <0.001 <0.001

R? 99.73% 99.59% 99.49%
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A

Percent

Regression Analysis: STm versus ug/mL

Method

Rows unused 1

Analysis of Variance

sSource DF SegSS Contribution AdjSS AdiMS F-Value P-Value
Regression 1 16.9660 99.73% 16.9660 16.9660 4483.36 0.000
ug/mL 1 16.9660 99.73% 16.9660 16.9660 4483.36 0.000
Error 12 0.0454 0.27%  0.0454 0.0038
Lack-of-Fit 3 0.0037 0.02% 0.0037 00012 0.27 0.849
Pure Error 9 00417 0.25% 0.0417 0.0046
Total 13 17.0114 100.00%

Model Summary

S R-sq R-sqladj) PRESS R-sq(pred)
0.0615160 99.73% 99.71% 0.0749561 99.56%

Coefficients
Term Coef SE Coef 95% Cl T-Value P-Value VIF
Constant 0.0009 0.0299 (-0.0642: 0.0660) 0.03 0.977

ug/mL 0.22380 0.00334 (0.21652;0.23108) 66.96 0.000 1.00

Residual Plots for STm

Normal Probability Plot Versus Fits
= N 14 .
. * AD  0&9
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L e L
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-
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015 1 2 3 4 5 6 7T 8 9 1011 12132 14 15
Observation Order
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Regression Analysis: SEn versus ug/mL

Method

Rows unused 1

Analysis of Variance

Source DF SegSS Contnbution AdjSS AdiMS F-Value P-Value
Regression 1 7.45591 99.62% 7.45591 T7.45591 314484 0.000
ug/mL 1 745591 99.62% 7.45591 7.45591 314484 0.000
Error 12 0.02845 0.38% 0.02845 0.00237
Lack- of-Fit 3 0.00544 0.07% 0.00544 0.00181 0.71 0.571
Pure Error 9 002301 0.31% 0.02301 0.00256
Total 13 7.48436 100.00%

Model Summary

S R-sq R-sq(ad)) PRESS R-sq(pred)
0.0486912 99.62%  99.59% 0.0437492 99.42%

Coefficients

Term Coef SE Coef 95% Cl T-Value P-Value VIF
Constant  0.0100 0.0236 (-0.0415; 0.0615) 042 0.680
ug/mL 0.14836 0.00265 (0.14260;0.15413) 56.08 0.000 1.00

Residual Plots for SEn

Normal Probability Plot Versus Fits
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C

Regression Analysis: SPa versus ug/mL

Method

Rows unused 1

Analysis of Variance

Source DF SegSS Contribution AdjSS AdjMS F-Value P-Value
Regression 1 293997 99.49% 293997 293997 2358.12 0.000
ug/mL 1 293997 99.49% 293997 293997 2358.12 0.000
Error 12 0.01496 0.51% 0.01496 0.00125
Lack-of-Fit 3 00017 0.04% 0.00117 0.00039 0.25 0.856
Pure Error 9 0.01379 047% 0.01379 0.00153
Total 13 2.95493 100.00%

Model Summary

S R-sq R-sq(adj) PRESS R-sq(pred)
0.0353092 99.49% 99.45% 0.0238243 99.19%

Coefficients

Term Coef SE Coef 95% ClI T-Value P-Value VIF
Constant -0.0136 0.0171 (-0.0510:0.0237) -0.80 0.442
ug/mL 0.09316 0.00192 (0.08898; 0.09734) 48.56 0.000 1.00

Residual Plots for SPa

Normal Probability Plot Versus Fits
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Figure 5.6. Standard linearity determination for quantification of STm (A), SEn (B) and SPa (C)
OAg by acid hydrolysis followed by HPAEBRAD: ANOVA on 3 replicates for the OAg calibration
curve.
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Accuracy determination

The accuracyf the methodvas estimated throughe spike recovery techniqu&he sample was a
solution containing a mixture of STm, SEn and SPa @&RM:97 glycoconjugates.

Two ¢ offOAg.conjugates were spiked with three different concentration levels of the purified
OAg used for building the c ddasskss the acauracy atuhreg e
different levels of the calibration curve

To assess spike recovery, a total of four analysis sesseyep@&formedon four different days. For
each analysis sessiothe amount of polysaccharide recovered was calculated relative to the
theoretical spikeRecoveries wer the range of 99.02% (Table 5.2, statistical analysis reported

in Figure 5.7).

Table 5.2 Determination of accuracy for the HPAHEAD method: spike recovery values at different
spike concentrations.

STm SEn SPa
Sample

N Mean (90% CI) Mean  (90% CI) Mean  (90% CI)

Spike level 1
4 97% (92% 101%9 97% (89% 105% 102% (99% 106%

(+ 2eg/mL)

Spike level 2
4 100% (96% 10599 102% (96% 108% 102% (99% 106%)

(+ 5eg/mL)

Spike level 3
95% (91% 10099 95% (91% 100% 100% (96% 103%

(+ 8eg/mL)

109



One-Sample T: STm CS1_1; STm CS2_1; STm CS3_1

Descriptive Statistics

Sample N Mean StDev SEMean 90% Clforp
STmCS1_1 4 0.9683 0.0381 0.0190 (0.9235; 1.0131)
4
4

STm CS2_1 1.0046 0.0369 0.0185 (0.9612; 1.0481)
STm CS3_1 0.9547 0.0384 0.0192 (0.9095; 0.9999)

w mean of STm CS1_1: STm CS2_1; 5Tm CS3_1

B
One-Sample T: SEn CS1_1; SEn CS2_1; SEn CS3_1
Descriptive Statistics
Sample N Mean StDev SEMean  90% Clforp
SENCS1_1 4 09705 00681  0.0340 (0.8904; 1.0505)
SENCS2_1 4 1.0185 00486  0.0243 (0.9614; 1.0757)
SEnCS3_1 4 09507 00383 00192 (0.9056; 0.9958)
w: mean of SEn CS1_1; SEn CS2_1: SEn CS3.1
C

One-Sample T: SPa CS1_1; SPa CS2_1; SPa CS3_1

Descriptive Statistics

Sample N Mean StDev SEMean 90% Clforp

SPaCS1_1 4 1.0242 0.0274 0.0137 (0.9919; 1.0564)
SPaCS2_1 4 1.0231 0.0294 0.0147 (0.9885; 1.0578)
SPaCS3_1 4 09976 0.0277 0.0139 (0.9649; 1.0302)

w mean of SPa CS1_1;SPa CS2_1;SPa CS3_1

Figure 5.7. Spike recoveries and confidence intervals for HPAEAD quantification of the mixture
of STm (A), SEn (B) and SPa (C) OARMse7 glycoconjugates (data from four analysis sessions).
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5.33. Shigella flexneri OAg LC-MS method development

Identification of target monosaccharides for guantificatio®.dlexnerilb, 2a and 3a OAg via L-.C
MS

The methodvasbased on a L@/AS platform to analyze glycosidic linkages in oligosaccharides and
polysaccharides, combining permethylation with PMP derivatizd@®&7]. First, free hydroxyl
groups on th@®Ag were permethylated. Subsequently, acid hydrolysis at high temperatotes br

the glycosidic bonds, releasingartially methylatedmonosaccharides. The hydrolysis process
preservethe locations of these bonds as free hydroxyl groups. Lastly, the released monosaccharide
were derivatized at the reducing end with PMis addition increased hydrophobicity and, thus,
chromatographic separation via LC and facililttee mass spectroscopy detection by enhancing the
ionization efficiency in ESMS. Finally, the amples were analyzed via UPIRRM MS Figure

5.8(A)).

To apply this method for independently quantifying theflexnerilb, 2a, and 3a OAgt was
necessaryo identify at least one monosaccharide unique to each OAg, distinguished by its linkage
in the sugar chainThe nonosaccharideselected as target for each OAg wéB4)-b-D-GlcriNAC

in S. flexnerilb OAg; @,4)-U-L-Rha)l in S. flexnerRa OAg; (2,3-U-L-Rha)lll in S. flexnerBa OAg

(Table 5.3andFigure 5.8(B)).

Table 5.3.S. flexnerilb, 2a and 3a OAg structurfi41, 142] highlighting the mnosaccharides

selected as target for method development.

OAg Structure
a-D-Glpc
1
S. f Ilevx roe ;@

[Y 2R-L-Rhph +( 11 Y-28-)-Rhph-( 1 Y-8-)-Rhph( 1¥HpD-GlpblAg ¥]n

a-D-Glpc
1

S. f I2eax rOe ®
4

[ Y2ayL-Rhph (11 Y-28-)-Rhph-( 1¥@-L-Rhp@-( ¥3pD-GIpAd 1 Y]

a-D-Glpc

1
S. f I3eax rDe ®
3

[Y2R-L-Rh@ FI¥2B-L-Rhph-( 1 Y-8)-Rhpa( 1 YV-B)-GlphAg¢ 1TV
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Y N > ., derivatization = UPLC-PRM
S. flexrresf 2a hydrolysis 'ﬁ“ o g o oH MS analysis

OH
OAc N—

“flexneri 3a

3,4-GlcNAc 3,4-Rha 2,3-Rha
Exact Mass: 538.27 Exact Mass: 509.24 Exact Mass: 509.24

Figure 5.8.(A) Workflow of the LGMS analysis for identification of th8. flexnerilb, 2a and 3a
OA(g (in figure is reporte®. flexneri3a analyte as structure example); (B)nosaccharides unique
to each OAdas analyte$) (3,4)-b-D-GIc)NAc in S. flexnerilb OAg; (3,4)U-L-Rha)l in S. flexneri
2a OAg; (2,3UL-Rhajlll in S. flexneri3a OA@ after OAg methylation, hydrolysis and
derivatization with PMP.

Initially, the purifiedS. flexneri OAg were subjected to the derivatization workflow separately. It was
verified thatthe derivatizedtarget monomersan beidentifiedbased orthromatographic separation
andtheir specific fragmentatior(able 5.4 andFigure 5.9). The product ion masses obtained from

the target residues &. flexneri2a andS. flexneri3a OAg, following methylationhydrolysisand
PMP-labeling, matched the expected values according to the library publish@b&ly Since the

mass spectréor S. flexnerilb 3,4N-acetylglucosamine residweerenot reported in literaturghe

spectral data obtaineglere confirmedy investigaing the fragmentation profilef the commercial

N, N Njjadety|dhitotriose(a trimer ofthe N-acetylglucosaminje after application of the same
derivatization protocolUsing the permethylation conditions reported, ti@cetylglucosamine
residues were also methylated at the amide. Then, after hydrolysis, as expected, the acetyl group was

lost, thus releasing a secondary amine, as showigure 5.8(B)

For all monosaccharides analyzed, the most abundant fragment ion observedriiadfdty5.09.
This ion results from the cleavage between the PMP moiety and the C1 carbon of the derivatized
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sugar. Additional product ions, listed in Table 5.4 and used for quantification, originate from

fragmentation between the C2 and C3 carbons of the monosaccharide, along with the retention of one

C1i PMP bond257].

Table 5.4.Fragmentation profiles &. flexnerlOAg target monomers, following permethylation and

PMP-labeling.

OAg tarmgedd du precur smyz producm/)i c

S. flleox A3 -NMacetyl gl 538. 27 175. 09, 2

S. f 12eax rOeAl 3, rdhamnos 509. 214 175.089, 2
[ 258]

S. f I3eax rOeAl 2 -r3hamnos 509. 214 17[5'2259;]' 2
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Figure 59. MS/MS spectra of the methylated PNt#beled protonated precursor ioviz 538.27 for
identification ofS. flexnerilb OAg, releasingn/z17509 andm/z230.13 specificfragment iongA);
MS/MS spectra of methylated PM&beled protonated precursor ioméz509.24 for identification
of S. flexneri2a releasingn/z17509 andm/z231.11 specificfragment iongB); MS/MS spectra of
methylated PMRabeled protonated precursor iomgz 509.24 for identification ofS. flexneri3a
OAg, releasingn/z17509 andm/z217.10 specificfragment iongC).
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Each of the target monosaccharides also eluted at different retention timengaytantly, the
potential specificity of the analysigas verified with < 4% impurity (calculated as the peak area in
unrelated @ g MS chromatograndivided by the peak area in the corresponding OAg).

Following initial trials with separate OAdhe three OAg were thecombined in a mixture and
derivatized in the same wajhe ability to identify all thehreeS. flexnertarget monosaccharidas
a combined solution, using both purified OAgdure 5.10(A) and GMMA (igure 5.10(B), was

confirmed.
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Figure 5.10. PRM chromatogramof the methylated PMRabeledtargetmonosaccharides obtained
from the analysis of a physical mixture of purifi§dflexnerilb, 2a and 3a OA(A) or GMMA (B).
Peak areaepresergquantifying transitions

Alternatives methods to LS

Alternative methods to L®AS were considered. In particular, since good chromatographic
separation of the thremethylated PMRabeledtargetmonosaccharidewas achieved in LGAS,
UPLC-RP withUV detectionwas evaluated. The purifi&l flexneri OAg were subjected, separately,

to the same derivatization workflow used for the-MS method. Preliminary analyses were

conducted andhe chromatograms obtained were compared among them and with those of the

commercial glucose and sucrose, both processed through the same derivatization protocol. Through

these comparisons and considering each OAg RU structure, the peaks correspondingrgetthe t

monosaccharides were identified, along with other peaks from the other monomer residues belonging
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