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ABSTRACT

Shigella is a major cause of disease with >200,000 deaths annually. Almost all deaths occur in
developing countries and many of them in children under the age of five years. There are four major
Shigella species and more than fifty different serotypes. S. sonnei and S. flexneri are predominant but
their prevalence changes from country to country and over time. S. sonnei is the most geographically
widespread and dominates in economically developed countries, S. flexneri serotypes are more
important in developing countries, while S. boydii and S. dysenteriae occur at much lower
frequencies. Currently no vaccines are widely available and increasing levels of multidrug resistance
make Shigella a high priority for vaccine development. The serotype-specific O-Antigen (OAg)
moiety of Shigella lipopolysaccharide has been recognized as a key target for protective immunity,
and many OAg based candidate vaccines are in development.
Recently, the Generalized Modules for Membrane Antigens (GMMA) technology has been proposed
as an alternative approach to traditional glycoconjugate vaccines for OAg delivery. GMMA are outer
membrane exosomes naturally released from Gram-negative bacteria which display the OAg in its
natural context. These bacteria are genetically engineered to increase blebbing, through deletion of
the tolR gene, and reduce reactogenicity, usually by modifying the lipid A structure (e.g. ∆htrB,
∆msbB).
The main aim of my PhD project was to compare GMMA and glycoconjugate technologies for the
development of a vaccine against S. flexneri serotype 6. Genetic strategies for GMMA production
and conjugation approaches for linkage of the OAg to CRM197 carrier protein have been established.
In a head-to-head immunogenicity study in mice, GMMA induced higher anti-OAg IgG than
glycoconjugate administered without the adjuvant, Alhydrogel. When formulated on Alhydrogel,
GMMA and glycoconjugate elicited similar levels of persistent anti-OAg IgG with bactericidal
activity. Glycoconjugates are a well-established bacterial vaccine approach but can be costly
particularly when multicomponent preparations are required. With similar immunogenicity and a
simpler manufacturing process, GMMA appear a promising strategy for the development of a vaccine
against Shigella.
Different parameters, such as OAg length, density and structural features like the amount and position
of O-acetyl groups, can potentially impact the immune response induced by GMMA. Moreover,
mutations introduced in wild type bacteria for GMMA production can also have an impact on OAg
features. Within my PhD project it was verified that OAg density and length do not have major impact
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on the immune response induced in mice by S. sonnei, S. flexneri 6 and S. flexneri 2a GMMA,
independently from OAg repeat structure (zwitterionic, negatively charged and neutral, respectively
for S. sonnei, S. flexneri 6 and S. flexneri 2a). Furthermore, even very short OAg chains, when present
on GMMA, are able to induce an immunogenic response. However, a minimal epitope can be needed
for induction of the immune response. By comparing GMMA in wild type and T-cell knock out mice,
it was also verified that GMMA, independently from sugar length and density, are able to induce a
mixed T-dependent/T-independent response. Results from this part of the work contributed to an
understanding of which structural characteristics can have an impact on GMMA immunogenicity and
need to be listed as critical attributes when setting GMMA-based vaccines specifications.
In parallel, analytical methods were developed for full characterization of GMMA-based vaccines
with particular attention to the OAg component. In particular, a novel method based on acid
hydrolysis with concomitant use of trifluoroacetic acid and hydrochloric acid followed by High
Performance Anion Exchange Chromatography-Pulsed Amperometric Detection analysis was
developed for the quantification of S. sonnei OAg. A Design of Experiment approach was used for
the identification of optimal hydrolysis conditions. The method is more sensitive than the methods so
far available and it is also more specific. This method will facilitate the characterization of S. sonnei
OAg based vaccines and will find application for vaccine release and vaccine stability to be followed
over time, ensuring appropriate immune response. A similar approach has the potential to be extended
to other polysaccharides containing 2-amino uronic acids, as already verified for Salmonella Typhi
Vi, Streptococcus pneumoniae serotype 12F, and Staphylococcus aureus types 5 and 8 capsular
polysaccharides.
Overall, the results of the research carried out within my PhD project support the design and
development of a vaccine against Shigella.
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1 Introduction
1.1

Infectious diseases and Global Health

Infectious diseases are a leading cause of death worldwide; they are generated by pathogenic
microorganisms such as viruses, parasites, fungi or bacteria. These pathogens enter the host humans
and animals where they can produce disease symptoms through a variety of mechanisms. Infectious
diseases are part of the Communicable diseases (CDs), those diseases that can be spread from one
individual to another, directly or indirectly.
In the early 1990s the World Bank, the international Bank for Reconstruction and Development,
commissioned the first Global Burden of Diseases (GBD) study that resulted in the historical “World
Development Report 1993: Investing in Health”1. After that the GBD work was institutionalized at
the World Health Organization (WHO), and the association continued to update annually a
comprehensive and consistent set of estimates of mortality and morbidity worldwide, considering
major diseases, injuries and risk factors to health at global, national and regional levels.
Among all causes of death, three infectious diseases were listed in the top ten causes of the 56.9
million death worldwide in 2016 by the WHO2: lower respiratory infections (3.0 million deaths),
diarrheal diseases (1.4 million deaths), and tuberculosis (1.3 million deaths).
According to the published data GBD 20153 that provide a comprehensive assessment of 249 causes
of mortality in 195 countries and territories from 1980 to 2015, the total deaths due to CDs
significantly declined from 2005 to 2015 globally. This can be largely attributed to decreases in
mortality rates due to HIV/AIDS, malaria, neonatal preterm birth complications, and maternal
disorders. In 2015, in children under-5 years rotaviral enteritis (rotavirus) and pneumococcal
pneumonia were the leading causes of deaths due to diarrhea (146.000 deaths) or lower respiratory
infections (393.000 deaths), respectively, although pathogen-specific mortality varied by region and
by the range of age investigated.
The GBD 20164 confirmed that globally the five leading causes of death were:
•

cardiovascular diseases

•

diarrhea, lower respiratory infections and other common infectious diseases

•

neoplasms

•

neonatal disorders

•

HIV/AIDS and tuberculosis.
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A global shift towards deaths at oldest ages suggests success in reducing many causes of early death.
In GBD 20175, 282 causes of mortality were investigated in 195 countries since the 1980’s. Globally,
there was a decrease in total deaths due to enteric infections, respiratory infections and tuberculosis,
and maternal and neonatal disorders between 1990 and 2017. At the same time, there was a high
increase of deaths from neoplasms and cardiovascular diseases.
Infectious diseases do not respect the socioeconomic status as their contribution to the global disease
burden has the potential to affect the entire world’s population, but the risk is not evenly distributed6.
People already living in economic and social deprivation have a higher exposure to the risk factors
for disease. Figure 1.1 shows the annual global mortality caused by infectious diseases according to

Death per year (numbers divided by 1000)

Data from GBD 2017: 86% of them are in Low and Middle Income Countries (LMICs).
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Figure 1.1 Global mortality (all ages) caused by infectious diseases. HICs (High Income Countries),
TB (tuberculosis), HIV (human immunodeficiency virus), RHD (rheumatic heart disease), NTD
(neglected tropical diseases). (Data from GBD 2017, IHME website accessed on 9May2020).

Vaccination represents the unquestionable solution against diseases, preventing 700 million of cases
and more than 150 million of deaths during the last century7. The Expanded Program on
Immunization (EPI) was introduced in 19748 signing the beginning of vaccinations, targeting all
4

children throughout the world against different diseases such as diphtheria, tetanus, pertussis,
measles, poliomyelitis, tuberculosis, Haemophilus influenzae type b, rotavirus and pneumococcus. In
addition, in 2000 the leadership of Global Alliance for Vaccines and Immunization (Gavi) helped
increase childhood immunization coverage in poor countries and supported the introduction of new
vaccines9.
The latest Weekly Epidemiological Report from WHO Strategic Advisory Group of Experts on
Immunization (SAGE) reported the successful introduction of 128 vaccines since 2010 in 86
LMICs10.

Diarrheal diseases
Diarrheal diseases caused 1.6 million deaths in 2017 globally and were the third leading cause of
deaths among children younger than 5 years behind pneumonia and preterm birth complications11.
Diarrheal diseases are caused mostly by viral, bacterial and protist pathogens. This burden mainly
affects LMICs, where accessibility to clean water, good nutrition, sustained sanitation and healthcare
are restricted and represent leading risk factors of the disease. Diarrhea, even if is a largely
preventable disease, remains a cause of death; important actions in reducing its global burden are the
continuous efforts to improve access to safe water, sanitation, and childhood nutrition. At global
level, deaths due to diarrheal diseases have decreased substantially in the past 25 years, by an
estimated 20.8% from 2005 to 2015, thanks to different actions put in place, this trend has been faster
in some countries than in others12. In GBD 2016 rotavirus was the leading cause of diarrhea deaths
(228.047), followed by Shigella spp (212.438) and non-typhoidal Salmonella spp (84.799)13. Among
children under 5 years old, the three aetiologies responsible for most of the deaths were rotavirus,
Shigella spp and Cryptosporidium spp12 respectively from viruses, bacteria and protists (Figure 1.2).

5

Figure 1.2 Major pathogens responsible for diarrhea in children under 5 years old. The area of each
box corresponds to the number of deaths from diarrhea in 2016 that can be attributed to each pathogen
(data source https://ourworldindata.org/diarrhoeal-diseases).

1.2

Shigella bacteria

Shigella are facultative anaerobic, non-motile, nonsporulating rod-shaped Gram-negative bacteria
belonging to the family of Enterobacteriaceae. The bacteria are facultative intracellular pathogens
that show a high specificity for the human host in which they cause shigellosis, commonly known as
bacillary dysentery14. At the end of the 19th century, the microbiologist Kiyoshi Shiga published the
first report on the isolation and characterization of bacteria causing bacillary dysentery, later named
Shigella, during an epidemic in Japan associated with high mortality15.
The current classification divides the genus Shigella into four species based on serological typing: S.
dysenteriae, S. boydii, S. flexneri and S. sonnei16. These species are further divided into serotypes and
subserotypes based on specificity, structure and biochemical differences of the oligosaccharide
repeating units (RU) that form the OAg, the polysaccharide portion of the lipopolysaccharide (LPS).
At present, the species S. dysenteriae is known to comprise 14 serotypes, S. boydii 19 serotypes, S.
flexneri 15 serotypes and sub-serotypes and S. sonnei only one serotype17. Several studies, using
different methodologies, clearly prove that Shigella spp. belong to the E. coli18-20 species. The whole6

genome sequencing of E. coli and all four Shigella species revealed that they share a common DNA
backbone of approximately 3.9 Mb, interrupted by E. coli-specific and Shigella-specific sequences.
Comparative genomics indicate that entero-invasive E. coli (EIEC) is genetically more related to
Shigella than to non-invasive E. coli

21, 22

. The most striking difference between the genomes of E.

coli and Shigella is the presence of many insertion sequence (IS) elements in Shigella which
contribute to a very dynamic genome23, 24. The easy acquisition and loss of genes promote the success
of Shigella as a pathogen, because fast genetic adaptation is needed to survive in different
circumstances in the host25, 26.

1.2.1 Transmission and pathogenesis
Bacterial pathogens have evolved a wide range of strategies to colonize and invade human organs,
despite the presence of multiple host defense mechanisms27. Bacteria of the genus Shigella are human
pathogens that infect the gastro-intestinal tract and cause acute shigellosis. Shigella infection can
occur by the fecal-oral route of transmission, person-to-person contact or ingestion of contaminated
food or water28.
Shigella clinical symptoms range from mild watery diarrhea to severe inflammatory bacillary
dysentery, characterized by strong abdominal cramps, fever, nausea, anorexia, dehydration and stools
containing blood and mucus. The disease is normally self-limiting. A combination of oral rehydration
and antibiotics administration can reduce the period of bacterial excretion from the patient and lead
to the rapid resolution of infection. However, shigellosis may become life-threatening, especially in
immunocompromised patients, including neonates and children with underlying immune deficiencies
(including HIV infections) or malnutrition, or in the absence of adequate medical care. In these cases,
patients may develop secondary complications, such as peritonitis, septicemia, severe Hemolytic
Uremic Syndrome (HUS) with kidney failure, reactive arthritis, pneumonia29. Strikingly, the
inoculum size necessary for Shigella infection is as low as 10-100 bacteria30. The infection is acute
after 1-4 days, non-systemic and enterically invasive, leading to destruction of the colonic epithelium.
After oral ingestion, Shigella survives the acidic environment of the stomach and the competitive
intestinal microbiota to arrive at the terminal ileum, colon, and rectum, where it penetrates the mucous
layer. Shigella needs to overcome multiple barriers to arrive at the epithelial surface. These barriers
include microbiota-mediated colonization resistance such as proton consumption systems, resistance
to locally-produced antimicrobial peptides, and production of mucinases31. In order to establish
infection, Shigella transit across the colonic epithelial layer is mediated by M cells (Figure 1.3) and
7

Shigella is then able to efficiently invade colonic epithelial cells from the basolateral face. Invasion
of the colonic epithelium and spread from cell-to-cell is the primary driver of the severe inflammatory
response associated with infection32.

Figure 1.3 Infectious cycle of Shigella. Shigella infects the colonic epithelium where the entry is
mediated by M cell membrane. The bacillus can be taken up by macrophages and dendritic cells,
which consequently undergo pyroptosis, stimulating inflammation through the release of cytokines
(IL-1β and IL-18), which recruit neutrophils and activate innate defenses33. Polymorphonuclear
(PMN) leukocytes eventually eliminate Shigella infection from the colonic epithelium. Shigella can
also invade the basolateral side of the colonic epithelium causing major replicative niche
establishment and propagation of the infection through cell-to-cell spread. (Reproduced from34)

To invade, replicate, and disseminate throughout the intestinal epithelium Shigella uses a range of
bacterial effector proteins that are encoded by a virulence plasmid common to all Shigella species.
Shigella uptake into epithelial cells starts using a type III secretion system (T3SS). The proteins of
the T3SS are encoded by a large 220 kb virulence plasmid and form a macromolecular needle-like
structure that allows for the delivery of effector proteins across the membrane of the target eukaryotic
cell. Prior to that, Shigella first adheres to the host cell, despite the absence of classical adhesion
proteins. At the distal end of the T3SS is the tip complex composed of IpaB, IpaC, and IpaD35 (Figure
1.4). IpaD facilitates assembly of IpaB and IpaC into the needle, and IpaB and IpaC are hydrophobic
proteins able to form a pore in eukaryotic membranes thus allowing for effectors delivery35, 36.
8

Membrane insertion and T3SS activity are promoted by interaction of IpaB with cholesterol in the
host membrane37, 38. Prior to insertion, the T3SS is closed by the block of IpaB functions that is
removed with insertion into the host membrane.

Figure 1.4 Role of IpaD, IpaB, and IpaC in regulation of the T3SS. Four hydrophilic IpaD molecules
and one hydrophobic IpaB molecule are localized at the tip of the T3SS needle with the gatekeeper
MxiC in the “off” state. IpaB senses host cells upon contact of the T3SS needle tip and inserts into
the membrane to signal “translocators on”. Upon activation of T3SS, effectors are secreted into the
host cell cytosol, after the signal by conformational changes in IpaD. Four IpaC may travel up the
secretion needle-like structure and associate with the needle tip, one atop each IpaD, and insert around
the single IpaB to form a transloc-on in the epithelial cell membrane. These signals “effectors on”
and early effectors are injected into the cytoplasm of the host epithelial cell (Reproduced from34).

Once Shigella is internalized, after inducing macrophage death and invading neighboring epithelial
cells, Shigella replicates and disseminates within the mucosa by inducing cytoskeletal
rearrangements. The consequent host innate immune response results in massive recruitment of
neutrophils and outpouring of inflammatory cytokines, which ultimately clears the infection although
at the cost of epithelial abscesses, ulcerations, and destruction, and enhanced Shigella invasion via a
disrupted epithelial barrier17. The ability of Shigella to survive intracellularly and evade phagocytic
killing depends on effectors that reduce inflammatory responses by inhibiting host cell proinflammatory signaling pathways and cytokine production, and modulation of B-cell and T-cell
9

activities. These mechanisms and other processes (e.g. serotype diversity) ultimately interfere with
development of long-term, broadly effective protection34, 39.
The current model of Shigella pathogenesis is derived from studies of S. flexneri14 strains (2a and 5a)
as model organisms to characterize Shigella virulence mechanisms. S. flexneri was shown to target
and enter into M cells allowing translocation of bacteria across the epithelial barrier, without being
toxic for these cells40. S. flexneri then reinvade epithelial cells basolaterally and triggers an
inflammatory response that disrupts the epithelium, thereby facilitating the translocation of additional
bacteria27. However, each Shigella group and subgroup exploits various virulence mechanisms and
as a consequence deserves a specific analysis32.

1.2.2 Epidemiology and medical needs
Shigella infections are one of the top causes of Moderate to Severe Diarrhea (MSD) throughout the
world. The recently published GBD study 2016 estimates approximately 270 million cases with
212,438 total deaths per year, 30% in children younger than 5 years, especially in LMICs41 (Figure
1.5). In LMICs settings, 2.0-7.0 cases of Shigella per 100 child-years require clinical care, with the
highest risk among children aged 12-23 months42. It is important to note that Shigella infections are
rare during the first six months of life, possibly due to the presence of maternal immunity and the
relatively low direct interaction with the environment. Incidence increases after this age, peaking at
12-23 months and decreasing moderately afterwards.
Incidence rates in HICs are much lower, at around 0.01 per 100 person-years among all ages and 0.02
per 100 person-years among children43.
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Figure 1.5 Shigella diarrhea mortality rate per 100.000 people in 2016 for all ages. ATG=Antigua
and Barbuda. VCT=Saint Vincent and the Grenadines. LCA=Saint Lucia. TTO=Trinidad and
Tobago. Isl=Islands. FSM=Federated States of Micronesia. TLS=Timor-Leste. (Reproduced from41)

The Global Enteric Multicenter Study (GEMS), a 3-year, prospective, age-stratified, case/control
study to estimate the population-based burden, microbiologic etiology, and adverse clinical
consequences of acute MSD among children younger than 5 years living in sub-Saharan Africa and
south Asia, found Shigella, identified by culture, to be the most common etiology in children aged
24-59 months and the second most common etiological agent among children aged 12-23 months44.
Among 1130 Shigella isolates, Shigella dysenteriae and S. boydii accounted for 5.0% and 5.4%,
respectively, while S. flexneri for 65.9% and S. sonnei for 23.7%. Among all S. flexneri serotypes
five were predominant (that comprised 89.4% of S. flexneri) and included S. flexneri 2a, S. flexneri
6, S. flexneri 3a, S. flexneri 2b and S. flexneri 1b45.
The four Shigella species and their various serotypes have different geographical distribution and
epidemiological significance, their prevalence changes from country to country and over time. S.
boydii is uncommonly encountered in many regions of the world, with exceptions being the Indian
subcontinent46 and Latin America47, 48, and there is currently limited epidemiological data regarding
11

this species. In India, an heterogeneous distribution of Shigella species and serotypes49 has been
reported between 2001 and 2003, with S. flexneri the most common (45%) followed by S. dysenteriae
(29.4%), S. boydii (14.7%) and S. sonnei (10.2%). A drastic change was observed in the same study
conducted in South India between 2003 and 2006, where S. flexneri remained as the most prevalent
(45%) followed by S. sonnei (31%), S. boydii (15%) and S. dysenteriae (8%). In Andaman and
Nicobar Islands, S. flexneri 2a serotype was found to be predominant50. S. dysenteriae, specifically
S. dysenteriae 1, was the causative agent of multiple fatal dysentery epidemics since its first isolation
in 189715. However, this species is rarely being isolated in current surveillance, and its decline is
likely due to improvements in sanitation and anti-microbial access51,

52

. The current global

epidemiological burden for shigellosis is attributed to two species, S. flexneri and S. sonnei, which
were conventionally associated with developing and developed regions, respectively53-55.
Nevertheless, recent evidence points at the emergence of S. sonnei in economically transitional states,
effectively replacing S. flexneri to become the predominant shigellosis etiology56. This species
replacement phenomenon is repeatedly documented in many countries in Asia, such as Vietnam57,
Thailand58, and Bangladesh59. The heterogenous distribution of Shigella species and serogroups
across a particular country implicates that multivalent or cross-protective Shigella vaccines are
required to address the burden of shigellosis. The authors of GEMS suggest a 4-component vaccine
targeting S. sonnei, S. flexneri 2a, S. flexneri 3a, and S. flexneri 6 (and possibly 1b) to provide
sufficient coverage and protection against shigellosis in endemic regions45, 60.
Upon reanalysis of GEMS samples with quantitative PCR, the attributable incidence of Shigella more
than doubled42. Shigella was the major pathogen associated with dysentery (attributable fraction
63.8%), but also the second most common pathogen associated with watery diarrhea (attributable
fraction 12.9%)42. These findings created a new awareness that the burden of shigellosis as defined
by culture-based diagnostics is probably underestimated.
A unique epidemiological niche for Shigella emerged in the 1970s as a sexually transmitted infection
among men who have sex with men (MSM). In 2009, an unusual serotype S. flexneri 3a appeared in
England and Wales among MSM and disseminated intercontinentally within the MSM population to
regions considered at low risk for shigellosis, making an epidemic. Although S. flexneri 3a strain was
multidrug-resistant before introduction into MSM, distinct multidrug-resistant S. sonnei and S.
flexneri 2a strains emerged among MSM.
Around 536 million people travel to LMICs annually and 10-40% acquire diarrhea. Based largely on
faecal cultures, an estimated 2-9% of travelers’ diarrhea is due to Shigella61. Consequences of
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shigellosis during travel can include introduction of antimicrobial-resistant Shigella into new
populations62 and the potential for outbreaks in tourist groups and military deployment settings. An
updated review, that includes publications between January 1990 and June 2015, reveals that
travelers’ diarrhea remains a major medical concern among deployed US military and other longterm travelers, with a pooled incidence of over 30 cases per 100 person-months, and the highest
incidence in the first month of travel. Furthermore, the variety of species and serotypes associated
with shigellosis makes it possible for reinfections to occur locally or during travel to areas where
other serotypes predominate. The heterogeneous distribution of Shigella serotypes found in cases
from urban and rural areas of Bangladesh suggests that multivalent vaccines will be needed to prevent
shigellosis in these settings60.
Control of the burden of Shigella is challenging for various reasons. First, Shigella has a low
infectious dose and is transmitted through the faecal-oral route via direct person-to-person
transmission, contaminated food and water, and fomites63. Second, the variety of Shigella species and
serotypes increases the possibility of reinfection64. Shigella invades the mucosal lining of the colon
and often causes dysentery that necessitates antibiotic therapy, not just oral rehydration, which further
complicates treatment. Further, the emergence of multidrug-resistant strains of Shigella threatens the
administration of effective, affordable treatment and highlights the importance of infection
prevention65, 66.

1.2.3 Antibiotic resistance of Shigella
The WHO’s Global Antimicrobial Resistance Surveillance System67 identified Shigella as a priority
pathogen for the development of new interventions. Antibiotic treatment of common bacterial
infections plays an important role in reducing prevalence and death rates of the disease. However,
incorrect antibiotic use or overuse in treating diarrhea increases antibiotic resistance68. Shigella spp.
are resistant to most antibiotics, and drug treatment is costly, time-consuming, and sometimes
problematic, particularly in areas with limited medical care49, 69.
After sulfanilylguanidine was shown to be bacteriostatic against Shigellae70 in the late 1930s,
sulfonamides became the chemotherapeutic agents of choice for the treatment of shigellosis71.
Favorable clinical and bacteriological results were achieved also with the use of oral
chloramphenicol72. The same is true for tetracycline, which was used routinely in the 1950s and 1960s
before being largely abandoned on the account of widespread resistance and concern for discoloration
of teeth in children73. Shigella developed resistance to all of these drugs and, accordingly, treatment
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shifted to ampicillin and co-trimoxazole. However, treatment recommendations were again changed
to nalidixic acid because Shigella developed resistance to the former drugs. Later resistance capacity
to nalidixic acid52 developed and soon after that fluoroquinolones were introduced. But now
fluoroquinolone-resistant strains have been isolated from various sources74. WHO recommends
ceftriaxone, pivmecillinam and azithromycin for treatment of infection by fluoroquinolone-resistant
Shigella spp49. However, ceftriaxone-resistant and azithromycin-resistant isolates have already been
reported75 in some places. This has now become a matter of huge concern.
Conventional antibiotic therapeutics against shigellosis have become increasingly inefficient, due to
the increase in number of multidrug resistance (MDR) strains. About half of the strains of Shigella
are now resistant to multiple drugs in many parts of the world. Various antibiotic-resistance
mechanisms, including extrusion of drugs by active efflux pumps, decrease in cellular permeability
and overexpression of drug-modifying and -inactivating enzymes or target modification by
mutation76-78, have been described by researchers 69, 79. For example, β-Lactam antibiotics are a class
of antibiotics containing a β-lactam ring in their molecular structure and inhibit cell-wall biosynthesis
by targeting penicillin-binding proteins. Mutation or absence of ∼39 kDa porin in the membrane of
Gram-negative bacteria as Shigella spp. mainly influences susceptibility to slow penetration of βlactams, such as aztreonam and dianionic moxalactam, and also low permeability of hydrophilic
antibiotics, such as penicillin and piperacillin76, 80. Indeed, resistance toward β-lactam antibiotics is
associated with modification of the outer-membrane porins OmpF (∼38 kDa) and OmpC (∼42 kDa)
and cytosolic proteins of ∼26 kDa, OmpR as a transcriptional regulator76. LPS have been recognized
as essential outer-membrane components needed for assembly of trimeric PhoE porin and to confer
colicin E2 resistance in S. flexneri strains,81 and have also been reported to be linked with the rise in
resistance toward imipenem in S. dysenteriae82. Some outer-membrane components, such as IcsA
molecules, are not only associated with bile salts resistance but are also related to promotion in
development of biofilm by mediating bacterial cell–cell interactions. Consequently, they produce
resistant phenotypes83. Therefore, there is an urgent need for development of novel strategies for
treatment of antimicrobial resistance (AMR) Shigella infections84, such as natural products,
nanoparticles (NPs), phage therapy and vaccine strategies85. Natural products are small molecules
produced naturally by microbial agents, plants, and animals that have been demonstrated to be useful
in treating Shigella infections. Biotherapeutic agents (preferably probiotics) have been suggested in
prevention of antibiotic-induced diarrhea, and are also an alternative therapeutic choice for treatment
of gastroenteritis infections86. NPs have gained growing importance in recent years and shown broadspectrum of antibacterial activity against pathogenic bacteria, due to their bactericidal
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characteristics87. In particular, iron oxide nanoparticles (IONPs) destroy bacterial targets with a
damaging effect on membrane cells and their integrity, along with generation of free oxygen radicals.
Commonly, they can be delivered efficiently as antimicrobial agents. Bacteriophages (phages) are
the most abundant organisms killing bacteria through lysis mechanism. They can be recovered from
various environments. Phage therapy has earned increasing attention due to several advantages,
including high specificity to target bacteria without effects on normal microflora of the human body,
replication at infection site, bactericidal activity against antibiotic-resistant bacteria, and fewer side
effects than other therapies. Phages are self-limiting, because phages remain at a shallow level on
target sites after killing bacterial targets88. Varieties of candidate vaccines have been developed to
prevent infection by Shigella spp., most of which are currently under evaluation for safety and
immunogenicity.

1.3

Current status of Shigella vaccines development

At present, there are no licensed vaccines widely available for Shigella. Potential candidates for
Shigella vaccines include live attenuated, killed and subunit vaccines (Table 1.1). Only two Shigella
vaccines are on the market but limited to Russia (Shigellvak, solution of LPS extracted from S. sonnei
bacteria) and China (FS, a live attenuated, oral bivalent S. flexneri 2a and S. sonnei vaccine developed
at the Lanzhou Institute of Biological Products). To date Shigella vaccine research has been primarily
focused on serotype-specific OAg, although some preclinical work has also evaluated protein
antigens that could be more broadly conserved and still contribute to protection89. The large number
of relevant serotypes with OAg diversity makes development of a vaccine challenging90.
Research has involved live attenuated vaccines given orally, that are advanced in clinical trials,
developed by selective genetic manipulations to be relatively safe and immunogenic91. The virGbased live attenuated vaccine (WRSS1, WRSs3, WRSf3) is under development by the Institute for
Research Walter Reed Army (WRAIR)92, while the guaBA-based live attenuated vaccine (CVD
1208, CVD1208S) is under development at CVD at the University of Maryland, Baltimore93, 94.
Several candidates are in preclinical development95, and recent studies are evaluating Shigella whole
cells not expressing LPS-OAg due to a targeted deletion of the rfbF gene (Eveliqure’s ShigETEC)96
as well as genetically modified bacteria (dWZY) (Truncated Shigella, International Vaccine Institute,
IVI and PATH) retaining one unit of OAg on the bacterial surface97. Both these approaches result in
increased exposure of broadly conserved outer membrane proteins. Another oral vaccine approach,
under development by Protein Potential, uses the Ty21a typhoid vaccine expressing Shigella LPS98.
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Inactivated trivalent formalin-killed whole cell vaccine have been developed by PATH and WRAIR
and contain S. flexneri 2a and 3a as well as S. sonnei99. A Heat Killed Multi Serotype Shigella
(HKMS) vaccine is being developed by India’s National Institute of Cholera and Enteric Diseases
(NICED)100 and contains S. flexneri 2a, S. flexneri 3a, S. flexneri 6, S. sonnei, S. dysenteriae 1 and S.
bodii 4.
The U.S. National Institutes of Health’s National Institute of Child Health and Human Development
(NICHHD) Laboratory of Developmental and Molecular Immunology (LDMI) proposed the concept
of chemically prepared glycoconjugate 101, tested in phase III against S. sonnei and S. flexneri 2a102.
In particular, S. sonnei OAg conjugated to recombinant exotoxin of Pseudomonas aeruginosa
(rEPA)103 was shown to induce protection in Israeli adults104 and children older than three years, but
failed to protect the very young101.
More recently recombinant glycoconjugates produced in genetically-engineered E. coli have been
proposed, with a bioconjugate against S. flexneri 2a, developed by LimmaTech Biologics, proving to
be immunogenic in phase 1 clinical trial105 and protective against moderate to severe
shigellosis/dysentery in a CHIM study in US adults. A 4-component formulation has now entered a
phase I/II study in Kenya.
Also, the Institute Pasteur has developed a synthetic glycoconjugate vaccine consisting of
synthetically produced S. flexneri 2a oligosaccharides conjugated to protein carrier of tetanus toxoid
(TT)102, that was demonstrated to be safe and immunogenic in phase I106.
GSK Vaccines Institute for Global health (GVGH) is using GMMA outer membrane vesicles (OMV)
for OAg delivery107. The S. sonnei monovalent GMMA candidate has been tested in phase 1 studies
in France and the UK108 and has subsequently been tested in Kenyan adults109 and in a CHIM study.
The University of Navarra in Spain is developing acellular Shigella vaccine candidates based on
OMV encapsulated in nanoparticles110.
Two protein-based subunit vaccine candidates are under development. They may offer broad
protection against all major serotypes but have only been tested in animals so far. These include: i)
the DB Fusion consisting of a genetic fusion of the TTSS proteins IpaB and IpaD developed by
PATH111 co-administered intra-dermally with dmLT to help induce both mucosal and systemic
immunity; ii) a 34 kDa OmpA outer membrane protein conserved and cross reactive with the major
outer membrane protein (MOMP) of S. flexneri 2a developed by NICED112. WRAIR is working on
the development of a second-generation TTSS-LPS complex vaccine (InvaplexAR) composed of
Shigella LPS and the TTSS proteins (Ipa B, Ipa C, and IpaD)113.
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Table 1.1 Status of Shigella vaccine candidates currently under development (Reproduced from60).

1.4

Shigella O-Antigen structures

Immunity to Shigella spp appears to be serotype-specific and the level of protection observed seems
to be associated with the serum IgG titer towards the OAg. Comparison of efficacy and
immunogenicity data from the Controlled Human Infection Model (CHIM) study also supported
serum anti-OAg IgG as a correlate of protection114 for Shigella infection.
Since the OAg moiety of Shigella LPS has been recognized as a key target for protective immunity,
many Shigella vaccine candidates are OAg-based. Gram-negative bacteria, including Shigella,
express LPS molecules on the cell surface (Figure 1.6). The LPS consists of a polysaccharide chain
of repeating units, the OAg, linked to a core oligosaccharide. The core is covalently bound through
3-deoxy-D-manno-2-octulosonic acid (KDO) to lipid A.
All S. flexneri serotypes 1-5, 7, X and Y, but serotype 6, share a linear tetrasaccharide backbone
consisting of the following OAg RU: [2)-α-L-RhapIII-(1→2)-α-L-RhapII-(1→3)-α-L-RhapI-(1→3)-βD-GlcpNAc-(1→]n,

and are variably O-acetylated and glucosylated. S. flexneri serotype 6 is instead
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characterized by a linear polysaccharide backbone [2)-α-L-RhapIII-(1→2)-α-L-RhapII-(1→4)-β-DGalpA-(1→3)-β-D-GalpNAc-(1→]n, where the first RhaIII is variably O-Acetylated in position 3 or
4115, 116. S. sonnei OAg repeat has instead a quite different structure, constituted of [4)-α-L-AltNAcA(1→3)-β-FucNAc4N-(1→]n117.
The OAg biosynthesis depends on the Wzx/Wzy pathway. The inner membrane (IM) serves as the
site of glycan biosynthesis, where the Wzx proteins allow each single repeating unit produced by the
glycosyltransferases to switch from the cytoplasmic side to the periplasmic one. After transportation
of the repeating units to the periplasm by Wzx, they are polymerized by Wzy. OAg chain length is
regulated by the Wzz proteins, responsible for unique polysaccharide modal lengths. The OAg is then
transferred to a sugar of the core oligosaccharide linked to lipid A by a ligase, forming the LPS, which
is then exported to the outer membrane (OM) by the Lpt complex. The OAg repeating units can also
be polymerized into capsular polysaccharides (CPS), group 4 capsule (G4C), if, in addition to the
wzx-wzy cluster, an additional G4C operon is present118.

Figure 1.6 LPS moieties expressed on the membrane surface of Shigella bacteria.

1.4.1 GMMA-based vaccines
Gram-negative bacteria naturally release Outer Membrane Vesicles (OMV) during growth. Naturally
secreted OMV are spherical blebs of heterogeneous size (20-250 nm diameter), constituted by a
phospholipid bilayer with LPS on the outside, together with membrane proteins, largely reflecting
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the structure of the bacterial outer membrane. The lumen of the vesicle may contain various
compounds from the periplasm or cytoplasm, such as proteins, RNA/DNA, and peptidoglycan. OMV
have a fundamental role in microbial physiology and pathogenesis, including intracellular and
extracellular communication, horizontal gene transfer, transfer of contents to host cells 119. OMV
release has been observed for a wide variety of Gram-negative bacteria including Escherichia coli,
Neisseria spp, Pseudomonas aeruginosa, Shigella spp, Salmonella spp and Helicobacter pylori120.
The release of vesicles has been observed in all stages of growth and in a variety of growth
environments, including liquid cultures, solid culture, and biofilms120.
OMV are primarily comprised of bacterial outer membrane constituents and thus contain key
antigenic components required to elicit a protective immune response. For this reason, soon after their
discovery, OMV were proposed as vaccine platform. However, their natural release often happens at
levels too low for vaccine manufacture. For this reason, chemical extraction from whole bacteria
using detergents (e.g. deoxycholate) has been used to obtain detergent-extracted OMV (dOMV) in
high yields. However, the use of chemical detergent treatment in the productive process causes the
removal of LPS and lipoproteins and alters the general composition of the vesicles in terms of protein
profile, enriching the preparations in cytoplasmic and inner membrane proteins121.
More recently, genetic modification of bacteria has allowed for an increase in the spontaneous release
of outer membrane vesicles121, 122. For example, Extraintestinal pathogenic E. coli strains (ExPEC)
have been shown to release a high amount of vesicles enriched in outer membrane components when
mutated in the Tol-Pal protein complex that cross-links the inner and the outer membranes122.
In the case of Shigella and Salmonella, the linkage between the inner and outer membrane can be
genetically dis-regulated by deletion of tolR, a gene of the Tol-Pal pathway. The Tol-Pal system is
present in most Gram-negative bacteria and is required to maintain OM integrity. Thus, a mutation
in any of tol-pal genes, and especially on tolR, confers a defect in OM integrity, resulting in a higher
release of OMV123.
OMV generated from genetically modified bacteria have also been called Generalized Modules for
Membrane Antigens (GMMA) (Figure 1.7) which are discussed in 1.4.2.
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Figure 1.7 Generalized Modules for Membrane Antigens (GMMA) generation.
GMMA can be produced through a simple and economic production process, supporting the
development of affordable vaccines, particularly attractive for vaccines for LMICs, where high
manufacturing costs can be an obstacle to vaccine implementation124.
GMMA are collected from bacterial suspensions through two consecutive Tangential Flow Filtration
steps: the first one with a 0.22 μm cassette to separate the biomass from the GMMA, and the second
one with a smaller cut-off membrane for retaining GMMA pure from soluble proteins and small
molecular weight impurities123.
GMMA have been shown to be highly immunogenic in animal models107, 125-128, when tested as
vaccine candidates against Shigella, non-typhoidal Salmonella and N. meningitidis. They have
optimal size for immune stimulation, present multiple antigens to the immune system in their native
environment and naturally contain Pathogen-Associated Molecular Patterns (PAMPs), such as LPS,
potent immuno-stimulatory components triggering a strong stimulation of the innate immune
response. The PAMPs are sensed by receptors, called Pattern Recognition Receptors (PRRs), which
are predominantly expressed on innate immune cells such as dendritic cells, macrophages and
neutrophils. The interactions of PAMPs with PRRs rapidly induces host immune responses via the
activation of complex signaling pathways that culminate in the induction of inflammatory responses
mediated by various cytokines and chemokines, which subsequently facilitate the eradication of the
pathogen. GMMA contain several classes of PRRs. In particular Toll-Like Receptors (TLRs) 4 is the
receptor involved in the recognition of LPS with MD-2, CD14 and LPS-binding protein (LBP). TLR2
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is involved in the recognition of a wide range of PAMPs that include lipoproteins (di- or triacetylated)129.
This could result in enhanced immunogenicity, but also in unacceptable reactogenicity in human
subjects, like a febrile response, or in extreme cases, septic shock, especially following parenteral
administration. Thus, a variety of strategies has been examined to avoid potential issues related to
GMMA endotoxicity and to maintain a right balance between immune stimulation and reactogenicity,
as desired for a vaccine candidate130-132. The main strategy involves the attenuation of LPS
pyrogenicity. The number of lipid A acyl chains can be genetically manipulated by the deletion of
the acyltransferases involved in the late biosynthesis and secondary acylation of lipid A. In E. coli,
Shigella and Salmonella this is achieved through deletion of msbB (lpxM), htrB (lpxL) and pagP
genes, which respectively add a myristoyl, lauroyl or palmitoyl group to the lipid A133-136. In Neisseria
meningitidis, secondary acylation of lipid A is carried out by lpxL1 and lpxL2128 137-142.
GMMA also represent a flexible platform, as they can be decorated with specific proteins or
polysaccharides from heterologous pathogens, through chemical conjugation or genetic
manipulation, also supporting the development of multicomponent vaccines143.

1.4.2 Development of a GMMA-based vaccine against Shigella
GVGH is working on the development of an affordable vaccine with broad protection against the
most prevalent Shigella serotypes using the GMMA technology, for the OAg delivery to the immune
system. A multicomponent Shigella GMMA-based vaccine candidate composed by S. sonnei, S.
flexneri 1b, 2a and 3a serotypes is being tested at preclinical level, while the monocomponent S.
sonnei vaccine has been already verified to be well tolerated and immunogenic in adults in phase 1
and 2 clinical trials.
The good manufacturing practices (GMP) pilot scale production of a GMMA based S. sonnei vaccine
formulated with Alhydrogel, called 1790GAHB, using a S. sonnei strain that was genetically modified
to increase blebbing and produce penta-acylated LPS with reduced endotoxicity, gave high yields of
GMMA with required purity and consistent results. 1790GAHB was highly immunogenic in mice
and rabbits and showed an acceptable safety profile as judged by a modified in vivo rabbit
pyrogenicity test and by a good laboratory practices (GLP) rabbit toxicology study107. Alhydrogel
was not needed as an adjuvant, but reduced the pyrogenicity in rabbits.
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Phase 1 clinical studies were performed in healthy adults in France and United Kingdom.
Intramuscular (IM), intradermal (ID) and intranasal (IN) immunizations were tested. After IM
immunization the vaccine candidate resulted to be well tolerated and able to induce anti-LPS IgG
levels comparable to those found in a population naturally exposed to S. sonnei144. Vaccine
administered by ID or IN, although well tolerated, was instead poorly immunogenic at the doses
delivered108.
In order to further evaluate the safety and immunogenicity of the 1790GAHB GMMA, a following
Phase 2a study was performed in adults from Kenia. Despite a very high baseline of anti-S. sonnei
LPS serum IgG levels, due to a natural prior exposure of the enrolled subjects to Shigella in the
shigellosis-endemic country where the study was conducted, the 1790GAHB vaccine induced robust
antibody responses109.
Long-lived antibodies are desired for an effective public health vaccine, as is the ability to boost the
response, either through revaccination or infection, especially in young children not previously
exposed to Shigella. Therefore, an extension of phase 1 study was conducted in France. One
1790GAHB dose induced a significant booster response in previously-primed adults145.
A Human Challenge Trial to estimate the clinical efficacy against shigellosis has been recently
conducted in Cincinnati (USA) but the resulting data are not yet published.
GVGH is now planning a Phase 1 clinical study in Europe to test the 4-component Shigella GMMAbased vaccine.

1.4.3 Glycoconjugate-based vaccines
A more traditional approach for the development of OAg based vaccines is glycoconjugation.
Glycoconjugates derive from covalent linkage of a bacterial polysaccharide (PS) to an appropriate
carrier protein. The concept of glycoconjugate vaccine has its origin in 1929, when Avery and Goebel
demonstrated that derivatives of non-immunogenic glucose and galactose, when conjugated to
proteins, were able to induce specific antibodies in rabbits146. Glycoconjugate vaccines were
developed starting in the mid-1970s after observations that the capsular polysaccharides of
Haemophilus influenzae type b (Hib)147 and meningococcus C148 failed to induce protective
antibodies when used as vaccines in young children. Subsequently, many glycoconjugate vaccines
have been developed against different pathogens such as Neisseria meningitidis serogroups A, C149
and A, C, W, Y, Streptococcus pneumoniae, Streptococcus agalactiae150, Haemophilus influenzae
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type b, Salmonella Typhi151 and licensed worldwide in the last 40 years152. Introduction of
glycoconjugates has had a huge impact on global mortality and morbidity. For example, N.
meningitidis serogroup C was eliminated from the United Kingdom after a massive vaccination
campaign in 1999153.
Many studies have been performed to understand the mechanisms of internalization and processing
of the glycoconjugate molecules by the immune system154-158. Briefly, polysaccharides are T-cell
independent (TI) antigens since they do not require T-cell activation for the induction of specific Bcell (antibody) responses. The direct interaction of the polysaccharide with specific B cells allows
their differentiation into plasma cells devoted to antibodies production. However, differentiation into
memory B cells does not occur and, moreover, a pre-existing memory B-cell pool can be depleted by
immunization with unconjugated polysaccharide, with the concomitant risk of hypo-responsiveness
upon subsequent immunizations156. Proteins and peptides are instead T-cell dependent (TD) antigens
as they stimulate helper T lymphocytes to elicit a specific immune response. Covalent conjugation of
PS to an appropriate carrier protein converts the PS antigen from a TI to a TD antigen156. With the
involvement of T cells, immunological memory is evoked, and it is characterized by antibody class
switching and production of antigen-specific IgG, making the vaccine effective also in young infants.
In detail, with glycoconjugates, the polysaccharide component of the vaccine binds to the surface
immunoglobulin of PS-specific B cells (uptake). Antigens are internalized and the protein component
is processed into small peptides which are then re-exposed and presented to the T cell receptor of
CD4+ peptide-specific T cells in the peptide-binding groove of major histocompatibility complex
class II molecules (MHCII). In addition to this cognate interaction, further signals are essential in
eliciting CD4+ T cell help for the B cell159, 160. When B cells receive T cell help, they proliferate and
differentiate into plasma cells and memory B cells (Figure 1.8). TD antigens induce an immune
response that is long lasting; antibodies are of high affinity and with prevalence of IgG.
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Figure 1.8 Mechanism of action proposed for conjugate vaccines (reproduced from156).

A few numbers of carrier proteins have been used so far for licensed glycoconjugates, mainly Tetanus
Toxoid (TT), Diphtheria Toxoid (DT); Cross Reacting Material 197 (CRM197), non typable H.
influenzae protein D (NTHi PD) and outer membrane protein complex (OMPC). The toxoids DT and
TT161 are obtained from the respective toxins by chemical detoxification with formaldehyde, while
CRM197 is a nontoxic mutant of diphtheria toxin isolated from the supernatant of Corynebacterium
diphtheriae C7(b197) tox(-) strain bacterial growths or produced recombinantly in E. coli162, 163. Also,
NTHi PD is expressed in E. coli as recombinant protein. Other proteins such as recombinant
Pseudomonas aeruginosa exotoxin A (rEPA) have been used at preclinical and clinical level164.
Glycoconjugates have been tested in many different preclinical studies and clinical trials, often in
different age groups. Despite this, there has been little progress on the understanding of the
mechanism of action of conjugate vaccines in different age group populations and in optimization of
immunization schedules157.
In recent years there has been an

advancement of novel tools and faster approaches for

glycoconjugate development165. In particular, the in vivo production of glycoproteins166, also referred
to as protein glycan coupling technology (PGCT), has been applied to the development of
glycoconjugate vaccine candidates from a series of bacterial PS, including O-Antigens from
Salmonella, Shigella, E. coli and Staphylococcus aureus serotype 5 or 8 and Streptococcus
pneumoniae capsular PS105, 167-169. In this approach both the saccharide antigen and the carrier protein
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are expressed in E. coli cells and coupled in vivo. E. coli glycoprotein production results in fewer
manufacturing process steps and lower analytical controls compared to traditional conjugation.

1.4.4 Parameters that can influence the immune response of glycoconjugate and
GMMA based vaccines
Many variables can influence the immune response induced by glycoconjugate and GMMA based
vaccines. For glycoconjugates, polysaccharide chain length, polysaccharide density, conjugation
chemistry used, the nature of the spacer and of the carrier protein, structural characteristics of the
polysaccharide like O-acetylation, conjugate size, and attachment point on the carrier protein have
been extensively explored156 and demonstrated that they can affect the magnitude, quality and
persistence of the antibody response elicited170. For GMMA based vaccine, carrying polysaccharide
antigens on their surface, sugar length, density, O-acetylation could also play a role and their impact
needs to be investigated for the design of optimal vaccine candidates170.
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1.5

Aims of the PhD project

My PhD project has three main objectives:
1. Comparison of GMMA-based vaccine to more traditional glycoconjugate vaccine using S.
flexneri 6 as a model:
•

GMMA production, chemical conjugation of isolated OAg to CRM197 carrier protein,
and vaccine candidates analytical characterization

•

Comparison of the immune response generated in mice: antibody persistence, Tdependent vs. T-independent response, antibody subclasses and relationship to
functional assays.

2. Full characterization of OAg expressed on Shigella GMMA with particular attention to:
•

Determine how the mutations introduced to increase blebbing and reduce lipid A
toxicity can impact OAg features

•

Verify the impact that OAg density and length can have on the immune response
induced in mice.

3. Development of analytical methods for complete GMMA characterization with particular
attention to the OAg component:
•

Improvement of the quantification method for S. sonnei OAg

•

Development of analytical methods for characterization of S. flexneri 6 GMMA
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2 Comparison of GMMA and Glycoconjugate Approaches in Mice for the
Development of a Vaccine against Shigella flexneri Serotype 6
2.1 Introduction
Shigella infections are one of the top causes of MSD throughout the world. The Global Burden of
Disease Study 2016 estimated approximately 270 million cases with 212,438 total deaths per year,
30% in children younger than 5 years, especially in LMICs41. Incident data from specific sites of the
GEMS in sub-Saharan Africa and South Asia shows 24% of cases caused by S. sonnei and 66% by
S. flexneri, mostly by serotypes 1b, 2a, 3a, and 644 (see section 1.2.2).
Currently, no vaccines are widely available, but several candidates are being tested at different stages
of clinical phases, including subunit vaccines and killed or live-attenuated bacteria60. Studies in
animal models and humans have demonstrated that protection by immunization is feasible. Serum
and mucosal antibody responses to Shigella are predominantly directed against the serotype-specific
Shigella OAg and therefore, many Shigella vaccine candidates target the OAg60 (see section 1.3).
Recently, the GMMA technology has been proposed for the development of a multi-component
vaccine against Shigella107. GMMA are outer membrane exosomes naturally released from
genetically engineered Gram-negative bacteria, where the OAg is displayed in its natural outer
membrane context. Bacteria are mutated in order to increase exosomes formation, through deletion
of the tolR gene, and reduce potential reactogenicity, usually through modification of the lipid A
structure, by deletion of the htrB, msbB or pagP genes133, 134. A S. sonnei GMMA-based vaccine
(1790GAHB)107 has been tested in clinical studies, showing high immunogenicity, memory response
and good tolerability108, 109, 145 (see sections 1.4.1 and 1.4.2).
A more traditional technology for the development of OAg-based vaccines is the glycoconjugation
approach. The covalent linkage of a PS to an appropriate carrier protein converts the PS from a Tindependent to a T-dependent antigen, able to induce immunological memory and make the vaccine
effective also in infants157,
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. Different parameters can influence the immune response of

glycoconjugate vaccines, in particular the PS length and the degree of carbohydrate loading (density),
the nature of the carrier protein and the conjugation chemistry used156,
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. In addition, non-

carbohydrate modifications of the OAg like O-acetyl groups171 are important aspects to investigate
for the design of an optimal PS-based vaccine172 (see sections 1.4.3 and 1.4.4).
Here, the GMMA technology has been compared to the more traditional glycoconjugate approach for
the development of a vaccine candidate against S. flexneri serotype 6. Bacteria have been genetically
manipulated for the production of GMMA, conjugation approaches have been developed for OAg
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linkage to CRM197 carrier protein173 and appropriate analytical methods for vaccines characterization
have been put in place. S. flexneri 6 OAg is characterized by a linear polysaccharide backbone [2)-αL-RhapIII-(1→2)-α-L-RhapII-(1→4)-β-D-GalpA-(1→3)-β-D-GalpNAc-(1→]n,

with RhaIII variably

O-acetylated in position 3 or 4115. The OAg biosynthesis depends on the Wzx/Wzy pathway and
involves a first step of sugar polymerization during which the OAg chain length is regulated by the
Wzz proteins, responsible for unique polysaccharide modal lengths. The OAg repeating units can
also be polymerized into a group 4 capsule (G4C) because of the presence, in addition to the wzx-wzy
cluster, of a G4C operon118 (see section 1.4).
The two approaches for vaccine production have been compared in mice for their ability to elicit
specific anti-OAg antibodies, functionality, T-dependent nature, quality, and longevity of the induced
immune response. The impact of the OAg length on the induced immune response by both vaccine
technologies has also been evaluated, together with the role of OAg O-acetylation and conjugation
chemistry, in the specific case of glycoconjugates, supporting the design of an optimal vaccine against
Shigella.

2.2 Materials and Methods
Bacterial strains, mutant generation and growth condition
Shigella flexneri 6 wild type strains were obtained from Wellcome Trust Sanger Institute and Public
Health England (Table 2.1)174. Strain Sf6_Sh10.8537 was selected for the generation of deletion
mutants. To generate the mutants, the kanamycin resistance gene aph was used to replace the tolR
gene, the ept-etk genes and the wzzB gene (Table 2.1). The resistance cassette replacement constructs
were amplified from the pKD4 vector using forward and reverse primers composed of 50 bp
homologous to the flanking regions of the gene to be deleted and approximately 20 bp (reported in
bold in Table 2.2) at the 3′ end matching the flanking region of the resistance gene. Primer sequences
are listed in Table 2.2. PCR products were purified and were used to transform recombination-prone
S. flexneri 6 recipient cells carrying pKD46 by following methods described previously175. After each
gene deletion the kanamycin resistance gene was removed through FLP-mediated recombination
using the pCP20 plasmid to yield markerless mutant strains.
All bacterial strains were grown at 30°C in liquid Luria-Bertani (LB) medium in a rotary shaker for
16 hours. For OMV and GMMA production, overnight cultures were diluted in HTMC medium (15
g/L Glycerol, 30 g/L Yeast extract, 0.5 g/L MgSO4, 5 g/L KH2PO4, 20 g/L K2HPO4) to an optical
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density at 600 nm (OD600) of 0.3 and grown at 30 °C in a rotary shaker for 8 hours using baffled
flasks with a liquid to air volume ratio of 1:5.

Table 2.1 Shigella flexneri 6 bacterial strains used in this study.
Name in the study

Phenotype

Country of infection, year
of isolation

Sf6_Sh10.3933

Wild type

Nigeria, 2010

Sf6_Sh10.6306

Wild type

India, 2010

Sf6_Sh10.6237

Wild type

Mexico, 2010

Sf6_Sh10.8537

Wild type

Egypt, 2010

H130920152

Wild type

Unknown

Sf6_Sh10.8537 ∆tolR

Hyper-blebbing

Produced in this study

Sf6_Sh10.8537 ∆tolR ∆ept-etk

Hyper-blebbing, no
G4C produced

Produced in this study

Sf6_Sh10.8537 ∆tolR ∆ept-etk
∆wzzB

Hyper-blebbing, no
G4C produced,
short OAg
produced

Produced in this study

Table 2.2. List of primers used in this study.
Primer
name
tolR KO F

Sequence (5’ → 3’)

ACCGCCAGGCGTTTACCGTTAGCGAGAGCAACAAGGGGTA
AGCCATGGCCGTGTAGGCTGGAGCTGCTTC

tolR KO R

ACCCGCTCTCTTTCAAGCAAGGGAAACGCAGATGTTTAGAT
AGGCTGCGTCATATGAATATCCTCCTTAG

ept-etk KO F TTACTCTTTCTCGGAGTAACTATAACCGTAATAGTTATAGCC
GTAACTGTGTCTTGAGCGATTGTGTAGG
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ept-etk KO R AATATCTATCCCGTCACGCCAGGATTGATTGATCAGTTGCG
CGCCAAACCTCCTCCTTAGTTCCTATTCC
wzzB KO F

TCCCTTTGTAATAATTCATTATTTTTATCATTTATCCTATAGC
ATTCATGGTGTAGGCTGGAGCTGCTTC

wzzB KO R

CGGGCAAGGTGTCACCACCCTGCCCCTTTTCTTTAAAACCG
AAAAGATTACATATGAATATCCTCCTTAG

OMV/GMMA production
OMV were produced from all S. flexneri 6 wild type strains available, while GMMA were produced
from Sf6_Sh10.8537 ∆tolR strain and derivatives. After growth, bacteria were pelleted through
centrifugation at 5,000 x g for 45 minutes. Cell-free supernatants were recovered and filtered through
0.22 μm Stericup filters [Millipore]. After ultracentrifugation of filtered supernatants at 175,000 x g
for 2 hours at 4° C, the resulting pellet, containing OMV or GMMA, was washed with PhosphateBuffered Saline (PBS), further ultra-centrifuged at 175,000 x g for 2 hours and finally re-suspended
in PBS.

GMMA characterization
GMMA size was determined by Dynamic Light Scattering (DLS) and High Performance Liquid
Chromatography- Size Exclusion Chromatography / Multiangle Light Scattering (HPLCSEC/MALS) as previously described176. GMMA purity was assessed by HPLC-SEC analysis126; total
protein content was estimated by micro BCA using bovine serum albumin (BSA) as a reference
following the manufacturer’s instructions [Thermo Scientific]; OAg sugar content was quantified by
determination of methyl pentoses (6-deoxyhexoses) with Dische colorimetric method177. The amount
of lipid A molecules in GMMA was assumed equal to lipopolysaccharide (LPS) core reducing end
2-keto-3-deoxy-octonate (KDO) and quantified by semicarbazide/ HPLC-SEC method after sugar
extraction178.

OAg purification and characterization
OAg extraction and purification from wild type bacteria, OMV or GMMA was performed as
previously described126, 179. Briefly, acetic acid hydrolysis is used to break the labile linkage between
lipid A and KDO at the reducing end of the core region with release of OAg repeats attached to the
core in the supernatant. Gel filtration chromatography was used to fractionate OAg populations of
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different average size obtained through extraction from Sf6_Sh10.8537 ∆tolR GMMA. The sample
was run on a HiPrep 16/60 Sephacryl S300 HR column (600 mm x 16 mm) [GE Healthcare], followed
by a HiPrep 16/60 Sephacryl S100 HR column (600 mm x 16 mm) [GE Healthcare]. The mobile
phase was PBS at flow rate of 0.5 mL/min.
OAg populations were characterized by HPLC–SEC with differential refractive index (dRI) detection
to estimate the molecular size distribution. OAg samples were run on a TSK gel G3000 PWXL
column (30 cm x 7.8 mm; particle size 7 µm; cod. 808021) with TSK gel PWXL guard column (4.0
cm x 6.0 mm; particle size 12 µm; cod.808033) [Tosoh Bioscience]. The mobile phase was 0.1 M
NaCl, 0.1 M NaH2PO4, 5% CH3CN, pH 7.2 at the flow rate of 0.5 mL/min (isocratic method for 35
min). OAg peak molecular mass (MP) was calculated using dextrans as standards in the range 12150 kDa. Sugar content was estimated by Dishe colorimetric assay177.
Nuclear Magnetic Resonance (NMR) spectroscopy was used to confirm OAg identity and purity and
to calculate O-acetylation degree115. All NMR experiments were performed with a Bruker AEON
AVANCE III 600 MHz spectrometer equipped with a high-precision temperature controller using a
5 mm QCI CryoProbe. To confirm the presence of saccharide populations with different molecular
mass (MM), a diffusion filter pulse sequence was applied (diffusion measurement with stimulated
echo and LED using bipolar gradient pulses for diffusion, ledbpgp2s1d, Bruker). Pulse sequence
specific acquisition parameters were chosen according to the extent of the desired MM separation. In
particular, the diffusion time (100 ms, 200 ms, and 300 ms), the gradient pulse length (2500 µs), and
the z-gradient intensity (gpz6=80%) were changed accordingly. Spectra were weighted with 0.8 Hz
line broadening and Fourier-transformed. S. flexneri 6 1H and 13C resonances were assigned by 1H,
2D-COSY, 2D-TOCSY, 2D-NOESY, 2D-ROESY and 2D-HSQC experiments. Both 1D and 2DNMR spectra were recorded at 50.0 ± 0.1 °C. The transmitter was set at the water frequency (4.70
ppm). Proton spectra were acquired using a 90-degree pulse duration automatically calculated and
collected with 32K data points over a 12 ppm spectral width, accumulating 128 number of scans.
Spectra were processed by applying an exponential function to the FID with a line broadening of 0.80
Hz to increase the signal-to-noise ratio and then Fourier transformed. 2D-COSY spectra, with
presaturation during relaxation delay, were acquired with data sets of 4096x256 points; phase
sensitive 2D-TOCSY spectra were performed with a spin lock time of 100 ms and data sets of
2048x256 points. Phase sensitive 2D-ROESY spectra were acquired with data sets of 4096x256
points. Mixing times of 180 and 150 ms were used. HSQC were acquired with 1024x128 points. Data
acquisition and processing were performed with TopSpin 3.5 software package [Bruker BioSpin].
31

Glycoconjugates synthesis and characterization
OAg populations of different average size were conjugated to CRM197 (kindly provided by GSK)
using both a selective and a random approach. For selective conjugation, OAg was derivatized with
adipic acid dihydrazide (ADH) by reductive amination of the KDO at the reducing end of the core
region and linked to the amino groups on the protein after attachment of a second linker, adipic acid
bis (N-hydrosuccinimide) (SIDEA), to ADH180. OAg-ADH intermediates were desalted by PD10
Desalting column prepacked with Sephadex G-25 Superfine [GE Healthcare] or HiPrep xK 16/14
desalting column 20 mL, prepacked with Sephacryl G-10 Superfine [GE Healthcare] based on OAg
average size. OAg-ADH-SIDEA reaction mixtures were diluted 1:1 v/v with water and desalted on
PD10 Desalting column prepacked with Sephadex G-25 Superfine or with Sephacryl G-10 Superfine
to remove residual free SIDEA. Conjugation mixtures were purified by HiPrep 16/60 Sephacryl S300
HR column or HiPrep 16/60 Sephacryl S100 HR column according to OAg size.
For random chemistry, sugar chains were randomly oxidized with sodium periodate (NaIO4) and the
resulting aldehyde groups were conjugated to lysine residues on the protein by reductive amination,
as previously described for Salmonella OAg180. Conjugate purification was performed by Sephacryl
HR 16/60 S300 column.
Conjugations were performed at 1-10 mg scale in terms of OAg. Activated OAg were obtained with
recoveries around 70%, CRM197 was completely conjugated in all reactions performed and conjugate
purification yields were close to 50% in terms of protein recovery.
Intermediates of conjugation were characterized as previously described180. Purified conjugates were
characterized by the Dische colorimetric assay for sugar quantification177 and the micro BCA, using
BSA as a reference following the manufacturer’s instructions [Thermo Scientific], for total protein
content; the ratio of saccharide to protein was then calculated. HPLC-SEC was used to verify
conjugates formation and detect the presence of unreacted protein180. Free saccharide was estimated
by HPLC-SEC analysis using dRI detection in comparison to a standard curve of the corresponding
unconjugated OAg or by DOC precipitation followed by Dische colorimetric assay181.

Immunogenicity studies in mice
S. flexneri 6 GMMA and glycoconjugates were tested in mice. Animal studies were performed at
Toscana Life Science Animal Care Facility under the animal project 479/2017-PR 09/06/2017
approved by the Italian Ministry of Health. All animal studies were ethically reviewed and carried
out in accordance with European Directive 2010/63/EEC and the GSK policy on the Care, Welfare
and Treatment of Animals. Five weeks old female wild type or nude CD1 (T-cell deficient) mice
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were immunized subcutaneously with 200 μL of vaccine at day 0 and 28. Sera were collected at days
-1, 27, and 42. In certain studies, sera were also collected at days 98 to investigate the longevity of
the induced immune response. Eight mice per group were injected with either GMMA or conjugates
formulation, with or without addition of Alhydrogel (Aluminium hydroxide at 0.7 mg/mL Al3+ for
GMMA and 2 mg/mL Al3+ for OAg-CRM197). Complete adsorption of GMMA or conjugates on
Alhydrogel was confirmed by SDS-PAGE and silver staining analysis of supernatants from the
different formulations. Different OAg doses were tested, selected based on previous experience with
GMMA and glycoconjugate vaccines125.
Individual mouse sera were tested for anti-OAg total IgG by enzyme-linked immunosorbent assay
(ELISA) as previously described172. S. flexneri 6 G4C, at a concentration of 5 μg/mL in 50 mM
carbonate buffer pH 9.6, was used as coating antigen. OAg specific serum IgG subclasses (IgG1,
IgG2a, IgG2b, IgG3) and IgM were also determined with a similar methodology.
Single sera were tested against a wild type S. flexneri 6 strain in Serum Bactericidal Assay (SBA)
based on luminescent readout182. S. flexneri 6 H130920152 (Table 2.1) bacteria working cell bank,
stored frozen at -80°C in 20% glycerol stock, was grown over night (16-18 hours) at 37°C in LB
medium with stirring at 180 rpm. The overnight bacterial suspension was then diluted in fresh LB
medium to OD600nm of 0.05 and incubated at 37°C with 180 rpm agitation in an orbital shaker, until
it reached an OD600 of 0.2 +/- 0.02. SBA was performed in 96-well round bottom sterile plates
[Corning] by incubating serial dilutions in phosphate buffered saline (PBS) pH 7.0 of heat-inactivated
(HI) test sera in presence of exogenous baby rabbit complement (BRC) and bacteria for 3 hours at
37°C. Log-phase cultures prepared as described above were diluted in PBS and added in the reaction
well to an approximate concentration of 1×105 Colony Forming Unit (CFU)/mL. BRC at the final
concentration of 25% was present in the reaction mixtures. For each serum dilution curve, a control
well with no HI serum was added. At the end of the incubation, the SBA plate was centrifuged at RT
for 10 min at 4000 x g. The supernatant was discarded to remove ATP derived from dead bacteria
and SBA reagents; the remaining live bacterial pellets were re-suspended in PBS, transferred in a
white round-bottom 96-well plate [Greiner] and mixed 1:1 v:v with BacTiter-Glo Reagent [Promega].
The reaction was incubated for 5 min at RT on an orbital shaker, and the luminescence signal
measured by a luminometer [Viktor, Perkin Elmer]. A 4-parameter non-linear regression was applied
to raw luminescence data obtained for all sera dilutions tested; an arbitrary serum dilution of 1015 was
assigned to the control well containing no sera. Data fitting was performed by weighting the data for
the inverse of luminescence^2.
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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 assay. GraphPad Prism 7 software was used for curve fitting and IC50 determination. Titers
below the minimum measurable signal were assigned a value of 50, corresponding to half of the first
dilution of sera tested.

Statistical analysis
Analysis was performed using GraphPad Prism 7. The Mann-Whitney U test was used to compare
two groups and Kruskal-Wallis analysis with post-hoc Dunn’s test to compare multiple groups.
Wilcoxon matched-pairs signed rank two-tailed test was used to compare results from the same group
at different time points.

2.3

Results
S. flexneri 6 OAg characterization

OAg was extracted from five different S. flexneri 6 strains, isolated in different countries (Table 2.1),
by acetic acid hydrolysis performed directly on bacterial cultures179. Three main sugar populations of
different average molecular mass (MM) were detected by HPLC-SEC dRI analysis (Figure 2.1A),
indicated as high MM (HMM), medium MM (MMM) and low MM (LMM). Differently from the
other two populations, the peak at HMM did not react with semicarbazide179, even when treated at
very high concentrations, indicating the lack of terminal KDO (Figure 2.1B). 1H NMR of the
extracted sugars confirmed the expected structure as reported in literature for S. flexneri 6 OAg115.
Diffusion-Ordered Spectroscopy (DOSY) NMR confirmed the presence of a population at HMM,
where diagnostic peaks of the lipid A core region were absent, supporting the hypothesis that S.
flexneri 6 strains produce a G4C lacking the LPS core region. For all S. flexneri 6 strains analyzed,
G4C and OAg showed a similar O-acetylation pattern (Figure 2.2).
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Figure 2.1 HPLC-SEC profiles of sugar extracted from S. flexneri 6 tolR GMMA: A) detection by
refractive index and B) detection at 252 nm after sugar derivatization with semicarbazide (SCA).
Slightly different retention times in the two chromatograms are due to the fact that PDA and dRI
detectors are in sequence after the column. Similar profiles were obtained for sugar extracted from
all the wild type strains analyzed (Table 2.1).

Figure 2.2 1H and monodimensional Diffusion-ordered spectroscopy (DOSY) for measuring
diffusion data of polysaccharide purified from Sf6_Sh10.8537 changing the diffusion time.

S. flexneri 6 bacteria naturally release OMV. For all 5 strains characterized, sugar populations were
similar on bacteria and corresponding OMV, in terms of size and relative amount of HMM G4C and
MMM OAg (Table 2.3). However, spontaneous OMV release occurs at levels too low for vaccine
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manufacture. To increase the yield of bacterial exosomes, the wild type strain Sf6_Sh10.8537 was
engineered to obtain a hyper-blebbing phenotype (Table 2.1). The resulting GMMA displayed HMM
G4C, MMM OAg, and LMM OAg (Figure 2.1), with a relative proportion of HMM G4C to MMM
OAg of 20% similar to that on corresponding wild type bacteria (Table 2.3).

Table 2.3 All Shigella flexneri 6 wild type strains analyzed display HMM G4C and MMM OAg of
similar average size and relative amount compared to the corresponding OMV
Average MM (KDa) and relative % *of HMM G4C and MMM OAg
Bacteria

Strains

Sf6_Sh10.3933

Sf6_Sh10.6306

Sf6_Sh10.6237

Sf6_Sh10.8537

H130920152

OMV

HMM G4C

MMM OAg

HMM G4C

MMM OAg

162.6

17.8

212.7

16.5

(46%)

(54%)

(52%)

(48%)

165.0

18.6

197.4

16.5

(41%)

(59%)

(50%)

(50%)

171.5

18.0

208.9

16.4

(42%)

(58%)

(42%)

(58%)

151.3

16.7

205.2

16.7

(28%)

(72%)

(43%)

(57%)

162.5

17.1

220.4

16.4

(59%)

(41%)

(64%)

(36%)

*Calculated as ratio % of the peak areas detected in HPLC-SEC dRI chromatograms.

The three sugar populations at different average size were extracted from GMMA, isolated by S300
size exclusion chromatography and characterized more in depth. LMM fractions revealed the
presence of both very short OAg chains and lipid A core only, which were further isolated by S100
chromatography.
HMM G4C (average size of 174 kDa), MMM OAg (average size of 22 kDa) and LMM OAg (average
size of 1.7 kDa) shared the same repeating unit structure, as confirmed by 1H NMR spectroscopy
(Figure 2.3). MMM OAg was characterized by an average of 22 repeating units per OAg chain (no
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core included), while LMM OAg had an average of 1.5 repeats, as calculated by comparing the Rha
methyl signals at 1.16-1.31 ppm with the anomeric signals of Glc (5.84 ppm) and Gal (5.64 ppm) in
the lipid A core (Figure 2.3 C). O-acetylation pattern was similar for HMM G4C and MMM OAg,
with 48% O-acetylation on O-3 of RhaIII and 15% or 18% on O-4 of RhaIII for MMM OAg and HMM
G4C, respectively. The amount of OAc substitution was calculated by comparing the integrals of H6
RhaIII O-acetylated in 3 (1.27 ppm), H6 RhaIII OAc in 4 (1.14 ppm) and non OAc H6 RhaIII (1.24
ppm) that overlaps with H6 RhaII. 1H NMR of LMM OAg also showed characteristic signals of the
terminal RhaIII residue, present in four variants: non-O-acetylated and mono-acetylated at O-2, O-3
or O-4 (Figure 2.3)116. Total O-acetylation of LMM was calculated to be 52%. The signals were
assigned based on the literature data115, 116 and on 2D NMR experiments (data not shown).

Figure 2.3 Structure of S. flexneri 6 OAg repeating unit and LPS core region (A); 1H NMR spectra
of isolated and purified core region (B), LMM OAg (C), MMM OAg (D) and HMM G4C (E).
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Synthesis and characterization of glycoconjugates differing in sugar
length
Isolated HMM G4C, MMM OAg and LMM OAg were conjugated to CRM197, to investigate the
possible impact of sugar length on the immune response induced by the corresponding
glycoconjugates. A random approach, targeting multiple points along the PS chain, was used for the
conjugation of the long G4C to CRM197. The aldehyde groups generated along the PS chain by
random oxidation were used for direct reductive amination with lysine residues of the protein,
resulting in a cross-linked and heterogeneous structure (Figure 2.4). A selective approach was used
for the terminal linkage of LMM OAg to CRM197, not to alter important epitopes in the short OAg
chains. The KDO sugar at the end of the OAg core region was used for introducing ADH and then
SIDEA linkers, for further binding to the carrier protein CRM197. Both conjugation strategies were
used to bind MMM OAg to CRM197 in order to verify the possible impact of conjugation chemistry
on the immune response.

Figure 2.4 Conjugation schemes: random chemistry used with HMM G4C and MMM OAg and
selective chemistry used with MMM OAg and LMM OAg.
To verify the role that O-acetyl groups can have on the immune response induced by S. flexneri 6
OAg, the HMM G4C was also de-O-acetylated in the presence of 200 mM sodium hydroxide before
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conjugation (Figure 2.5). Analysis by use of 1H-NMR spectroscopy confirmed the complete de-Oacetylation of HMM G4C.

Figure 2.5 1H NMR of de-O-acetylated G4C in NaOD buffer (A) compared to the O-acetylated native
one in D2O (B).

All conjugates obtained showed no residual unconjugated protein in the reaction mixture, as verified
by fluorescence emission profiles of HPLC-SEC eluates (Figure 2.6). Free saccharide was removed
by purification through size exclusion chromatography (Table 2.4). The MM of the conjugates and
the sugar to protein ratios were different according to sugar size and chemistry used (Figure 2.6, Table
2.4). Both selective conjugates were characterized by about 5 OAg chains attached to CRM197.
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Figure 2.6 HPLC-SEC fluorescence emission profiles of G4C-ox-CRM197 (green) (A), MMMOAgox-CRM197 (green) and MMMOAg-ADH-SIDEA-CRM197 (blue) (B) and LMMOAg-ADH-SIDEACRM197 (blue) (C) compared to unconjugated CRM197 (black).

Table 2.4 Main characteristics of conjugates obtained with sugars of different length and by different
chemistries.

Chemistry

Random

Conjugates

OAg
average
size
(KDa)

G4C-deOAc-ox-CRM197

O-acetylation

OAg/protein
w/w ratio
(molar ratio)

% free
OAg

174

0

0.29

9

G4C-ox-CRM197

174

63

0.38

14

MMMOAg-ox-CRM197

22

66

0.54

<5

MMMOAg-ADH-SIDEACRM197

22

66

1.58 (4.2)

<5

LMMOAg-ADH-SIDEACRM197

1.7

52

0.085 (4.9)

<10

% OAg

Selective

Immunogenicity of glycoconjugates in mice, investigating impact of sugar
length, conjugation chemistry and O-acetylation on the immune response
All OAg-CRM197 conjugates were compared in mice at 1 µg OAg dose formulated with Alhydrogel.
Mice were immunized subcutaneously at 4 weeks intervals. Independently of the OAg chain length
and the chemistry used, all conjugates induced high levels of anti-OAg specific IgG. Four weeks after
the first immunization, the LMM OAg conjugate induced a significantly lower IgG response
compared to the other conjugates. The antibody response increased after re-injection (p = 0.008),
reaching similar levels to those induced by the other conjugates. No booster after re-injection was
observed for HMM G4C conjugate (p = 0.15) and MMM OAg conjugated by random chemistry (p =
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0.08) (Figure 2.7A). Two weeks after the second immunization, functionality of antibodies measured
by SBA was similar for all sized groups (Figure 2.8A).
The same conjugates were also compared in T-cell deficient mice to evaluate their ability to induce
a pure T-dependent response according to the different chain lengths. In fact, response induced in Tcell deficient mice is T-independent and only due to B-cells without any help from T-cells. Only the
HMM G4C-CRM197 conjugate induced an anti-OAg IgG response significantly different from
background levels in T-cell deficient mice. This level was much lower compared to that obtained in
wild type mice (Figure 2.7A).
The de-O-acetylated G4C conjugate induced similar IgG and SBA titers to the corresponding native
O-acetylated G4C conjugate (Figure 2.7A and Figure 2.8A).

Figure 2.7 Immunogenicity of S. flexneri 6 glycoconjugates (A) and GMMA (B) differing for sugar
length compared in mice. Eight wild type and T-cell deficient mice per group were subcutaneously
immunized at days 0 and 28, with 1 g OAg dose on Alhydrogel (glycoconjugates) or 0.5 g OAg
dose without Alhydrogel (GMMA). Summary graphs of anti-OAg specific IgG geometric mean units
(bars) and individual antibody levels (dots).
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Figure 2.8 S. flexneri 6 glycoconjugates (A) and GMMA (B) differing for sugar length compared in
mice. Eight CD1 mice per group were s.c. immunized at days 0 and 28, with 1 µg OAg dose on
Alhydrogel (glycoconjugates) or 0.5 µg OAg dose without Alhydrogel (GMMA). SBA titers of single
sera collected at day 42 from each group against S. flexneri 6 strain.

Genetic engineering of bacteria to generate GMMA expressing OAg of
different length
With the aim of investigating the impact of sugar length on the immune response induced by S.
flexneri 6 OAg, we also generated a set of S. flexneri 6 GMMA differing for OAg chain length. The
GMMA producing strain Sf6_Sh10.8537 tolR was further mutated to abolish capsule formation by
removing the ept-etk genes in the G4C operon. OAg chain length regulation was then prevented by
removing the wzzB gene, resulting in the presence of OAg chains with only a few repeats (Table 2.1).
The characterization of the resulting GMMA (Figure 2.9, Table 2.5) confirmed production of GMMA
with no HMM G4C (but carrying both MMM OAg and LMM OAg) and GMMA with LMM OAg
only. The absence of G4C did not impact the overall sugar to protein ratio on GMMA, while the
prevention of MMM OAg formation resulted in GMMA characterized by a lower sugar to protein
ratio (Table 2.5).
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All mutated GMMA had similar average particle size by HPLC-SEC MALLS, but not by DLS where
the length of the sugar chains impacted the hydrodynamic diameter176. All GMMA were characterized
by a similar number of lipid A molecules per GMMA protein (Table 2.5).

Figure 2.9 HPLC-SEC dRI profiles of polysaccharides extracted from S. flexneri 6 tolR (black),
tolR G4C (blue) and ∆tolR ∆G4C ∆wzzB (green) GMMA.

Table 2.5 Main characteristics of GMMA differing for sugar length.
GMMA

nmol lipid
Total
A/mg GMMA sugar/protein
protein
w/w ratio

Z average
diameter
nm (PdI)

2 x Rw
nm

∆tolR

134.7

0.47

110.5 (0.1)

83.2

∆tolR ∆G4C

177.4

0.53

103.2 (0.1)

82.2

∆tolR ∆G4C
∆wzzB

187.6

0.11

83.0 (0.1)

72.8

Immunogenicity of GMMA in mice: investigation of the impact of sugar
chain length on the immune response
GMMA differing in OAg length were tested in wild type and T-cell deficient mice at a dose of 0.5
µg of OAg, with no Alhydrogel. All GMMA induced similar high anti-OAg specific IgG responses
27 days after one single dose with booster after re-injection, independently of sugar chain length.
Differently from what we observed with glycoconjugates, all GMMA induced a significant response
in T-cell deficient mice, even if antibody responses were lower than those obtained in wild type mice
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(Figure 2.7B). Similar results were obtained in terms of serum antibody functionality by SBA (Figure
2.8B).
GMMA displaying both MMM OAg and LMM OAg or only LMM OAg were further compared in
wild type and T-cell deficient mice in a dose-response study (0.1, 0.01 and 0.001 g OAg doses),
without Alhydrogel. For both types of GMMA, a significant correlation between OAg dose and
antibody responses (either total IgG or SBA titers) was observed in wild type as well as T-cell
deficient mice. In wild type mice, four weeks after the first immunization, GMMA with LMM OAg
chains induced lower anti-OAg total IgG compared to GMMA with MMM OAg and LMM OAg at
all tested doses. The response increased following the second immunization to reach comparable IgG
levels and SBA titers to those obtained with GMMA displaying both MMM OAg and LMM OAg
(Figure 2.10). In T-cell deficient mice, GMMA with LMM OAg only induced significantly lower
IgG compared to GMMA with MMM OAg and LMM OAg, both after the first and the second
immunization. Similar results were obtained by testing antibody functionality by SBA at day 42.

Figure 2.10 Comparison of S. flexneri 6 GMMA with both MMM OAg and LMM OAg (blue) or
only LMM OAg (green) in mice. Eight wild type and eight T-cell deficient mice per group were
subcutaneously immunized at days 0 and 28, with different OAg doses without Alhydrogel. Each
curve represents log-transformed doses on the abscissa and the log-transformed ELISA units or SBA
titers on the ordinate. The parallelism of the lines was tested by comparison of the slopes, that resulted
not significantly different. Subsequently the Y-intercept of the curves obtained for the two GMMA
were compared and the p value is reported in each graph.
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Direct comparison in mice of GMMA and glycoconjugate
Based on the results obtained from the previous studies in mice, GMMA and glycoconjugate
presenting MMM OAg were selected for a head-to-head comparison. The constructs were tested at 1
µg OAg dose with or without Alhydrogel in outbred mice. Constructs with Alhydrogel were also
tested in T-cell deficient mice. In the absence of Alhydrogel, GMMA induced significantly higher
specific anti-OAg total IgG than the conjugate (p = 0.0003 at day 42, two weeks after second
immunization). The behavior was the opposite when the constructs were adsorbed on Alhydrogel (p
= 0.0002 at day 42) (Figure 2.11A). The results were confirmed after testing the bactericidal activity
of the induced antibodies: SBA titers of antibodies induced by GMMA were significantly higher than
those induced by the conjugate in the absence of Alhydrogel (p = 0.0002 at day 42), but they were
not different in the presence of Alhydrogel (Figure 2.11B). Similar results were obtained by testing
GMMA and conjugate at 0.1 µg OAg dose (data not shown).
Analysis of anti-antigen specific IgG subclasses and IgM was performed on sera collected at day 42.
Both GMMA and the glycoconjugate induced not only IgG1, but also IgG2a, IgG2b, IgG3 and IgM
(Figure 2.11C). Immunization of T-cell deficient mice confirmed the ability of GMMA, but not of
the glycoconjugate, to induce a significant response, both in terms of anti-OAg total IgG and SBA
titers (Figure 2.11). However, both GMMA and the glycoconjugate were able to induce persistent
responses in mice, as verified by the IgG and SBA titers at day 98, 70 days after the second
immunization (Figure 2.11).
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Figure 2.11 S. flexneri 6 glycoconjugate and GMMA displaying MMM OAg compared in mice.
Eight mice per group were subcutaneously immunized at days 0 and 28, with 1 µg OAg dose with or
without Alhydrogel. Anti-OAg specific IgG geometric mean units (bars) and individual antibody
levels (dots) (A); SBA titers of single sera against S. flexneri serotype 6 strain (B); IgM and IgG
subclasses analysis of single sera at day 42: individual antibody levels (dots) and geometric means
(horizontal lines) (C).

2.4

Discussion

In this study, GMMA and glycoconjugate technologies were compared with the aim of developing a
vaccine candidate against S. flexneri serotype 6, a main cause of shigellosis in LMICs. The
conjugation approach has been largely explored for the development of OAg based vaccines117, 183185

. More recently, GMMA have been proposed as an alternative delivery system for OAg 107, 125. In

GMMA, the special physico-chemical properties of nano-sized particles are combined to the
presentation of multiple saccharide epitopes. GMMA are self-adjuvating, naturally possessing Tolllike receptor agonists, and contain protein antigens that could contribute to the overall induced
immune response. Traditional glycoconjugation is a complex multi-step process, comprising OAg
extraction and purification, followed by OAg derivatization before conjugation to a carrier protein.
In addition to the final conjugate, all intermediates need to be fully characterized. On the contrary,
following fermentation of the GMMA-producing bacterial strains, two simple tangential flow
filtration steps allow to purify high yields of GMMA107, 123. GMMA are complex systems, but a large
panel of analytical methods has been developed to obtain their full characterization126, 176. Many of
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these methods can be applied to GMMA from different pathogens, as verified here for S. flexneri 6.
The potential for strong immune responses and the simplicity of manufacture make the GMMA
approach particularly attractive for global health vaccine production in LMICs, where the high cost
of manufacture can be an obstacle to vaccine implementation124.
In this project, a wild type S. flexneri serotype 6 strain has been successfully mutated for GMMA
production. It was verified that S. flexneri 6 strains display OAg populations of different average size,
including a very long G4C, similarly to S. sonnei186. Interestingly, we have confirmed that the same
OAg populations present on the bacterial surface are displayed with similar relative ratios in naturally
released OMV and maintained in GMMA from mutated strains. Mutation of the GMMA producer
strain to avoid G4C polymerization has confirmed that the HMM fraction detected by HPLC-SEC
and NMR was actually a PS with the same structure of the OAg repeats but without the core region
of LPS molecules.
Polysaccharide length could have an impact on the immune response induced by GMMA as well as
traditional glycoconjugates125 and needs to be investigated for the design of an optimal vaccine
against S. flexneri 6. For this reason, a panel of GMMA and glycoconjugates was generated differing
for chain length. With both technologies, it was verified that polysaccharide chain length does not
have a major role on the ability of the candidate vaccines to induce anti-OAg IgG antibodies with
functional activity. Even very low OAg chain lengths, with an average 1.5 repeating units, were able
to induce functional IgG antibodies similarly to longer OAg chains, when presented both on GMMA
or linked to a carrier protein. MMM and LMM OAg, but not HMM G4C, induced a pure T-dependent
response when conjugated to CRM197, as verified by comparing the responses between T-cell
deficient and T-cell competent mice. HMM G4C conjugated to CRM197 was instead able to produce
some OAg-specific IgG by T-independent response, very likely because of its chain length that favors
B-cells receptor (BCR) cross-linking. In contrast, all GMMA independently of sugar length, induced
a significant IgG response in T-cell deficient mice, even if the antibody levels were significantly
lower than those induced in wild type mice, highlighting the induction of a mixed T-dependent/Tindependent response. Shortening the OAg chain length on GMMA led to a reduction of the Tindependent component of the immune response induced. A pure T-dependent response could have
a positive impact on memory and persistency of the antibody response. However, when compared
head to head in a mouse study, differences in the ability of GMMA and glycoconjugate to induce
strong responses after only one dose, re-injection or in the persistence of the antibody response
induced were not observed.
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Not only sugar length, but also sugar loading and conjugation chemistry are parameters that could
impact the immune response induced by glycoconjugate vaccines. In the present study, it was verified
that these parameters do not have an impact on the induced immune response under the conditions
tested. Also, OAg O-acetylation was verified not to be critical for the immune response induced by
S. flexneri 6 OAg based vaccines. All this information is important for the design of an optimal
vaccine against S. flexneri 6.
In the absence of Alhydrogel, GMMA induced significantly higher anti-OAg specific IgG and
stronger SBA titres than the conjugate. The situation in the presence of Alhydrogel was different,
where GMMA and conjugate induced similar levels of functional antibodies. Due to their selfadjuvanticity GMMA are able to induce a strong immune response also in the absence of Alhydrogel,
while addition of such adjuvant is fundamental to enhance immune response elicited by the
conjugates. In a previous study where non-typhoidal Salmonella (NTS) GMMA and glycoconjugates
were compared in the presence of Alhydrogel125, GMMA induced anti-OAg IgG titres similar to
glycoconjugates, but with much stronger functionality. By looking at IgM and IgG subclasses, NTS
glycoconjugates mainly induced IgG1, while increased Ig isotype switching, and induction of IgM
was observed with GMMA. On the contrary in this study, S. flexneri 6 glycoconjugate not only
induced IgG1, but also IgM, IgG2a, IgG2b, IgG3 at comparable levels with those induced by GMMA.
The reason for this difference could be related to the different structure of S. flexneri 6 OAg compared
to NTS OAg, or to a different contribution of the protein antigens to the overall immune response
induced by NTS GMMA compared to S. flexneri 6 GMMA. Contribution of the protein antigens to
the immune response induced by GMMA is currently under evaluation for GMMA produced by
different pathogens.
Glycoconjugates are a well-established bacterial vaccine approach but can be costly particularly when
multi-component preparations are required, as in Shigella. Taken together, the results from this work
indicate that with similar immunogenicity and a simpler manufacturing process, GMMA appear a
promising strategy for the development of a vaccine against Shigella flexneri 6.
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3 Impact of OAg length and density on the immune response induced in mice by
Shigella GMMA
3.1 Introduction
Recently, the GMMA technology has been proposed as an alternative approach to traditional
glycoconjugate vaccines for OAg delivery. GMMA are outer membrane exosomes naturally released
from Gram-negative bacteria genetically engineered to increase blebbing (e.g. through deletion of the
tolR gene) and reduce reactogenicity, usually by modifying the lipid A acylation pattern (e.g. through
deletion of the htrB and msbB genes). GMMA are able to display the OAg in its natural conformation
in an outer membrane context (see section 1.4.1).
The serotype-specific OAg moiety of Shigella LPS has been recognized as a key target for protective
immunity114 and GVGH is using the GMMA technology for the development of a multicomponent
OAg-based vaccine against Shigella. During the OAg biosynthesis, its length is regulated by the Wzz
protein, responsible for unique polysaccharide modal lengths. OAg repeating units can also be
assembled into high molecular mass capsules (G4C) if an additional G4C operon is present (see
section 1.4).
S. flexneri serotype 6 wild type bacteria and similarly GMMA, display three main OAg populations
with different average size as already shown (see section 2.3.1). For traditional glycoconjugates, OAg
length is well known to be a parameter that can impact the induced immune response156. Specifically
for S. dysenteriae type 1187 and S. sonnei117 glycoconjugates, it was found that conjugates of LMM
OAg (average of 2 or 4 RU) elicited higher anti-LPS specific antibody levels than conjugates with
full length OAg (approximately 30 RU). Phalipon et al.188 found that a synthetic sequence of three
RU of S. flexneri 2a OAg conjugated to tetanus toxoid (TT) had higher immunogenicity and better
protective efficacy in mice compared to conjugates with one or two RU. Studies in mice with S.
flexneri serotype 6 GMMA differing in OAg length were already performed (see section 2.3.5) and
no major impact of the OAg length on the induced immune response was found. In the present study,
the investigation was extended to S. sonnei and S. flexneri serotype 2a GMMA, which carry OAg
with a different structure compared to S. flexneri 6: zwitterionic, neutral and negatively charged for
S. sonnei, S. flexneri 2a and S. flexneri 6 respectively. In addition, during GMMA vaccine
development, mutations introduced for overblebbing or reduction of endotoxicity could impact not
only the OAg length189, but also the OAg density126. Sugar density is also a well-known parameter
that can influence the immune response induced by glycoconjugate vaccines. Pozgay et al.190, testing
immunogenicity of S. dysenteriae type 1 conjugates in mice, found that the optimal carbohydrate
chain density differed with OAg length, highlighting the interrelatedness of these parameters. In this
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study, it was verified that mutations introduced to modify the lipid A structure on S. sonnei GMMA
can have an impact on the OAg density and investigated if this property modifies the corresponding
immune response in mice.

3.2 Materials and Methods
Bacterial strains and generation of mutants
S. sonnei strain ATCC 25931, S. sonnei strain 53G and S. flexneri 2a strain 2457A were chosen as
parent strains and engineered to obtain the different mutants. The null mutations were obtained by
replacing the genes of interest with an antibiotic resistance cassette by homologous recombination
using lambda red recombineering system175. In some cases, the antibiotic cassette was removed using
the pCP20 plasmid, as previously described175. To maintain the OAg expression in S. sonnei, the
virulence plasmid pSS carrying the OAg biosynthetic genes was stabilized either by introduction of
an antibiotic cassette (cloramphenicol resistance in the msbB2 locus or wzz locus) or an auxotrophy
marker (nadAB genes for de novo synthesis of nicotinic acid in the virG locus). For curing of the
fepE-carrying plasmid pHS2 in S. flexneri 2a, the origin of replication of pHS2 was amplified and
cloned into the pUC19 vector. The pUC19-pHS2ori vector was then used to cure the pHS2 plasmid
by incompatibility. For complementation of the wzy gene in S. flexneri 2a, the wzy coding sequence
and promoter were amplified and cloned into the pACYC-Duet vector. The list of all the bacterial
strains generated and primers used are reported in Table 3.1. The phenotype of each mutant was
verified by silver staining analysis of LPS extracted from bacterial cells, as previously described186.

Table 3.1. List of bacterial strains and primers used in this study.
Bacterial strains
Name

Genothype

Reference

S. sonnei ΔtolR

S. sonnei ATCC 25931 ΔtolR::kan ΔmsbB2::cm

This study

S. sonnei ΔtolR ΔG4C

S. sonnei ATCC 25931 ΔtolR::erm ΔmsbB2::cm

This study

ΔwzzB

Δept-etk::tet ΔwzzB::kan

S. sonnei ΔtolR ΔG4C

S. sonnei ATCC 25931 ΔtolR::kan Δept-etk::tet

Δwzz

Δwzz::cm

S. sonnei ΔtolR ΔG4C Δwzz

S. sonnei ATCC 25931 ΔtolR::erm Δept-etk::tet

ΔwzzB

Δwzz::cm ΔwzzB::kan

S. flexneri 2a wild type

S. flexneri 2a 2457A

This study

S. flexneri 2a ΔtolR

S. flexneri 2a 2457A ΔtolR::frt

This study
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This study

This study

S. flexneri 2a pHS2-cured
ΔtolR

S. flexneri 2a 2457A ΔtolR::frt pUC19-pHS2ori

S. flexneri 2a pHS2-cured

S. flexneri 2a 2457A ΔtolR::frt ΔwzzB::frt

ΔtolR ΔwzzB

pUC19-pHS2ori

S. flexneri 2a pHS2-cured

S. flexneri 2a 2457A ΔtolR::frt ΔwzzB::frt

ΔtolR ΔwzzB Δwzy

Δwzy::kan pUC19-pHS2ori

S. flexneri 2a pHS2-cured
ΔtolR ΔwzzB Δwzy pACYCwzy

S. flexneri 2a 2457A ΔtolR::frt ΔwzzB::frt

This study

This study

This study

This study

Δwzy::kan pUC19-pHS2ori pACYC-Duet_wzy

S. sonnei 53G wild type

S. sonnei 53G ΔvirG::cm

107

S. sonnei 53G ΔtolR

S. sonnei 53G ΔtolR::kan ΔvirG::nadAB

123

S. sonnei 53G ΔtolR::kan ΔvirG::nadAB

134

S. sonnei 53G ΔtolR ΔhtrB

ΔhtrB::cm

S. sonnei 53G ΔtolR

S. sonnei 53G ΔtolR::kan ΔvirG::nadAB

ΔmsbB

ΔmsbB1::erm ΔmsbB2::cm

Primer name
tolR KO Fwd (aph/frt)

tolR KO Rev (aph/frt)

tolR KO Fwd (erm)

tolR KO Rev (erm)

msbB2 KO Fwd (cat)

msbB2 KO Rev (cat)

wzzB KO Fwd (aph/frt)

wzzB KO Rev (aph/frt)

This study

Sequence (5’→3’)
ACCGCCAGGCGTTTACCGTTAGCGAGAGCAACAAGGGG
TAAGCCATGGCCGTGTAGGCTGGAGCTGCTTC
ACCCGCTCTCTTTCAAGCAAGGGAAACGCAGATGTTTA
GATAGGCTGCGTCATATGAATATCCTCCTTAG
ACCGCCAGGCGTTTACCGTTAGCGAGAGCAACAAGGGG
TAAGCCATGGCCAGAGTGTGTTGATAGTGCAGTATC
ACCCGCTCTCTTTCAAGCAAGGGAAACGCAGATGTTTA
GATAGGCTGCGTACCTCTTTAGCTTCTTGGAAGCT
TAAAATATTAATGATGATTATGGTAGGGGCATTCGCACT
AAATAATGAAAGTGTAGGCTGGAGCTGCTTC
ACAACTAGTGGAAATACCTGTACTTTATAATTTCAAGGG
TACGGGTCCGCCATATGAATATCCTCCTTAG
AGAGTAGAAAATAATAATGTTTCTGGGCAAAACCATGA
CCCGGAACAGATGTGTAGGCTGGAGCTGCTTC
CTTCGCGTTATAATTACGCAGAGCGTTACGCCCCAGCAC
AATCCCCGCGCCATATGAATATCCTCCTTAG
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ept-etk KO Fwd (tet)

ept-etk KO Rev (tet)

wzz KO Fwd (cat)

wzz KO Rev (cat)

wzy KO Fwd (aph)

wzy KO Rev (aph)

TTACTCTTTCTCGGAGTAACTATAACCGTAATAGTTATA
GCCGTAACTGTCACCTGAAGTCAGCCCC
AATATCTATCCCGTCACGCCAGGATTGATTGATCAGTTG
CGCGCCAAACCCTCCAATTCTTGGAGTGGT
TCAAAAGCATCTGAACCACAACAGACCCCTTATCTGATC
CCGCAAGGGGTGTCTTGAGCGATTGTGTAGG
ATTAACCAAAAGAGTATTAACATTTTGACCAAACTCATC
AAGACTTAATGTCCTCCTTAGTTCCTATTCC
TTTTGCTCCAGAAGTGAGGTTATTACTAATTTGGATATT
TTCTATAGAAAGTGTAGGCTGGAGCTGCTTC
TATTGGTGGTGGTGGAAGATTACTGGAGCCATTGGGAA
TATTCCCTTTGCCATATGAATATCCTCCTTAG

pHS2-Ori Fwd XbaI

TTGAGATCATTCCCTTACAGCCG

pHS2-Ori Rev XmaI

CTGAACGCGATTCTGCCG

wzy Fwd BamHI

CGCGGATCCACGGCTTGGTTTGGTGAGAA

wzy Rev XhoI

CCGCTCGAGCTTCGGCCTTGACCAAAAGC

GMMA production and characterization
S. sonnei and S. flexneri 2a GMMA were produced and purified as previously described191. Total
protein content was estimated by micro BCA using bovine serum albumin (BSA) as a reference
following the manufacturer’s instructions (Thermo Scientific), total OAg amount by High
Performance Anion Exchange Chromatography-Pulsed Amperometric Detection analysis (HPAECPAD)178. Purity and particle size was detected by High Performance Liquid Chromatography-Size
Exclusion Chromatography coupled with Multiangle Light Scattering (HPLC-SEC/MALS) 176, lipid
A structure was determined by Matrix-Assisted Laser Desorption/Ionization-Time Of Flight Mass
Spectrometry (MALDI-TOF MS)192. The amount of lipid A molecules in GMMA was assumed equal
to LPS core reducing end 2-keto-3-deoxy-octonate (KDO) and quantified by semicarbazide/HPLCSEC method after OAg extraction178. The OAg extracted was characterized by HPLC-SEC with
differential refractive index (dRI) detection to estimate the molecular size distribution as previously
described178. Nuclear Magnetic Resonance (1H NMR) spectroscopy was used to confirm OAg
identity117, 193.
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Immunogenicity studies in mice
S. sonnei ATCC 25931 and S. flexneri 2a GMMA differing in length were tested in mice. Five-weeksold wild-type or nude (T-cell deficient) CD1 female mice were immunized subcutaneously (SC) with
200 µL of OAg dose of vaccine at days 0 and 28. S. sonnei 53G GMMA differing in OAg density
and Lipid A structure were also tested in mice. Five weeks old CD1 female mice were vaccinated
intraperitoneally (IP) with 10 µg of GMMA (protein dose based on micro BCA quantification) in 200
µL of saline at study day 0 and 28. For all studies, sera were collected at day -1 and at days 27 and
42 (individual sera). All animal studies were performed at Toscana Life Science Animal Care Facility
under the animal project 479/2017-PR 09/06/2017 approved by the Italian Ministry of Health. All
animal experiments were performed in accordance with good animal practice as defined by the
relevant international (Directive of the European Parliament and of the Council on the Protection of
Animals Used for Scientific Purposes, Brussels 543/5) and local animal welfare guidelines in Toscana
Life Sciences facilities under Italian authorization. Pre-immune sera and sera collected four weeks
after the first and two weeks after the second immunization were analyzed by ELISA 191 for anti-S.
sonnei LPS total IgG content using S. sonnei LPS as plate coating antigen (at the concentration of 0.5
µg/mL in phosphate buffer saline, PBS, pH 7.0), anti-S. sonnei GMMA proteins total IgG content
using S. sonnei OAg-negative GMMA as plate coating antigen (at the concentration of 1 µg/mL in
PBS), or anti-S. flexneri 2a OAg total IgG using S. flexneri 2a OAg as coating antigen (at the
concentration of 0.5 µg/mL in 50 mM carbonate buffer pH 9.6). Single sera collected at day 42 were
also assayed in SBA based on luminescent readout as previously described194 against S. sonnei or S.
flexneri 2a wild type strains (Table 3.1). Heat inactivated (HI) sera were serially diluted in PBS in the
SBA plate (10 µL/well). The starting dilution of each serum in the assay was 1:100 (final dilution),
followed by 3-fold dilutions steps up to 7 dilution points, plus one control well with no added sera182.
A 4-parameter non-linear regression was applied to raw luminescence obtained for all the sera
dilutions tested for each serum; an arbitrary serum dilution of 1015 was assigned to the well containing
no sera. Fitting was performed by weighting the data for the inverse of luminescence^2. Results of
the assay are expressed as the IC50, represented by the reciprocal serum dilution that resulted in a
50% reduction of luminescence (and thus raising 50% growth inhibition). GraphPad Prism 7 software
(GraphPad Software, La Jolla, CA) was used for fitting and IC50 determination. Titers below the
minimum measurable assayed were assigned a titer of half of the first dilution of sera tested.
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3.3 Results
OAg length modulated on GMMA through genetic engineering and
characterization of resulting GMMA
S. sonnei ATCC 25931 and S. flexneri 2a wild type strains were engineered to obtain an hyperblebbing phenotype (Table 3.2). OAg was extracted from the resulting GMMA by acetic acid
hydrolysis, that cleaves the linkage between the terminal KDO of the core region and the lipid A,
thus releasing the OAg chains (attached to the core region) in the supernatant. For both S. sonnei and
S. flexneri 2a GMMA, three main sugar populations of different average molecular mass (MM) were
detected by HPLC-SEC dRI analysis indicated as HMM OAg, MMM OAg and LMM OAg (31, 20
and 2.3 kDa for S. sonnei and 59, 14 and 1.8 kDa for S. flexneri 2a, respectively). To be noted that in
the case of S. sonnei HMM and MMM OAg populations were more overlapping in size compared to
S. flexneri 2a.In addition, S. sonnei GMMA displayed a G4C with an average MM of 224 kDa (Figure
3.1), as also found for S. flexneri 6 GMMA (see section 2.3.1). Differently from the other sugar
populations, the G4C did not react with semicarbazide179, even when treated at very high
concentrations, indicating the lack of terminal KDO (Figure 3.1), as also observed for S. flexneri 6.

Figure 3.1 HPLC-SEC profiles of sugar extracted from S sonnei tolR GMMA: A) detection by
refractive index and B) detection at 252 nm after sugar derivatization with semicarbazide (SCA).
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In order to evaluate the impact that OAg size could have on the immune response, the strains were
further mutated by removing the genes reported in Table 3.2. Briefly, the ept-etk genes in the G4C
operon were removed in S. sonnei to abolish the capsule formation. The plasmid-encoded wzz or fepE
genes were removed in S. sonnei and S. flexneri 2a respectively to prevent HMM OAg
polymerization. The chromosome-encoded wzzB gene was removed in both S. sonnei and S. flexneri
2a to prevent MMM OAg polymerization. Removal of both wzz and wzzB in S. sonnei yielded GMMA
displaying LMM OAg only, as previously observed for S. flexneri 6 (Figure 3.2). On the contrary,
deletion of both fepE and wzzB in S. flexneri 2a gave an unexpected result. Indeed, even in the absence
of the two OAg co-polymerases, we obtained S. flexneri 2a GMMA displaying long de-regulated
OAg chains (Figure 3.3A). Therefore, the wzy gene was firstly removed in S. flexneri 2a to obtain
OAg chains composed by one single OAg RU, and subsequently complemented to partially restore
the OAg polymerization. The resulting strain yielded GMMA displaying LMM OAg only, even
though the majority of the OAg chains remained composed by a single RU, as verified by silver
staining of extracted LPS (Figure 3.3B). The characterization of all the resulting GMMA is reported
in Table 3.3. All GMMA had similar average particle size as measured by HPLC-SEC MALS. The
deletion of certain sugar populations impacted the sugar to protein ratio on the resulting GMMA. In
particular, GMMA displaying LMM OAg only were characterized by the lowest OAg/protein ratio.

Table 3.2 Mutations introduced for hypervesiculation and OAg length regulation.
Gene
deleted

Gene function

Resulting phenotype

Plays a role in outer membrane
invagination during cell
tolR

division and is important for
maintaining outer membrane

Applied to

Hypervesiculation due to
destabilization of the linkages

S. sonnei and

between the outer membrane

S. flexneri 2a

and the peptidoglycan

integrity
Part of the G4C operon needed
ept-etk

for capsule assembly and

Lack of G4C formation

export
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S. sonnei

wzz
(pSS)

fepE
(pHS2)

pSS plasmid-borne OAg copolymerase, responsible for

Lack of HMM OAg formation

S. flexneri 2a

pHS2 plasmid-borne OAg copolymerase, responsible for
HMM OAg polymerization
Lack of MMM OAg formation

co-polymerase, responsible for
MMM OAg polymerization
OAg polymerase, responsible

wzy

S. sonnei

HMM OAg polymerization

Chromosomal encoded OAg
wzzB

Lack of HMM OAg formation

for the polymerization of the

in S. sonnei;

S. sonnei and

De-regulation of OAg

S. flexneri 2a

polymerization in S. flenxeri 2a
Formation of OAg composed by

S. sonnei and

1 single RU

S. flexneri 2a

RU
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Figure 3.2 HPLC-SEC profiles of sugar extracted from S. sonnei GMMA detected by refractive index
(A) and silver staining of extracted LPS from corresponding bacteria (B). Samples 1 to 4 are described
at the top right of the figure.
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Figure 3.3 HPLC-SEC profiles of sugar extracted from S. flexneri 2a GMMA detected by refractive
index (A) and silver staining of extracted LPS from corresponding bacteria (B). Samples 1 to 5 are
described at the top right of the figure.
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Table 3.3 Analytical characterization of S. sonnei and S. flexneri 2a GMMA displaying OAg
populations of different length.

GMMA

Mutations

ΔtolR

S. sonnei

LMM OAg

2 x Rw
nm

0.34

87.0

HMM, LMM OAg

0.35

90.3

ΔtolR ΔG4C Δwzz

MMM, LMM OAg

0.18

91.4

ΔtolR ΔG4C Δwzz ΔwzzB

LMM OAg

0.14

90.8

0.58

89.6

MMM, LMM OAg

0.53

91.4

De-regulated OAg

0.40

93.6

1 RU OAg

0.19

69.2

LMM OAg

0.17

81.0

pHS2-cured ΔtolR
S. flexneri pHS2-cured ΔtolR ΔwzzB
pHS2-cured ΔtolR ΔwzzB
Δwzy
pHS2-cured ΔtolR ΔwzzB
Δwzy pACYC-wzy

1

G4C, HMM/MMM,

w/w ratio

Size

ΔtolR ΔG4C ΔwzzB

ΔtolR

2a

OAg length

Total sugar/protein

HMM, MMM, LMM
OAg

H NMR analysis confirmed for all GMMA the structure of S. sonnei OAg repeating unit constituted

of [4)-α-L-AltNAcA-(1→3)-β-FucNAc4N-(1→]n (zwitterionic structure) and of S. flexneri 2a OAg
made of [2)-α-L-RhapIII-(1→2)-α-L-RhapII-(1→3)-α-L-RhapI-(1→3)-β-D-GlcpNAc-(1→]n → with
D-Glcp at position 4 of RhaIII and O-acetyl groups at position 3,4 of RhaIII and at position 6 of GlcN
(neutral structure).
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Immunogenicity studies in mice with S. sonnei and S. flexneri 2a GMMA
differing for OAg length
All S. sonnei ATCC 25931 and S. flexneri 2a GMMA were compared in mice at the same OAg dose
of 0.5 g. Mice were immunized twice subcutaneously at 4-weeks interval. All S. sonnei GMMA,
independently from OAg length, induced high levels of anti-LPS specific IgG with no significant
differences among the groups. The antibody response increased after re-injection (Figure 3.4A). The
same GMMA were also compared in T-cell deficient mice to evaluate their ability to induce a Tindependent component according to the different OAg chain length. All S. sonnei GMMA,
independently from OAg length, induced a similar response in T-cell deficient mice, even though
significantly lower than that induced in wild-type mice (Figure 3.4A). Similar results were obtained
with S. flexneri 2a GMMA displaying HMM, MMM and LMM OAg or MMM and LMM only.
However, in this case, S. flexneri 2a GMMA displaying LMM OAg only were not immunogenic at
all (Figure 3.4B). A similar pattern was observed in the levels of functional antibodies produced by
the GMMA that were bactericidal against S. sonnei and S. flexneri 2a as seen in IgG levels (Figure
3.5).
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Figure 3.4 Immunogenicity in mice of S. sonnei ATCC 25931 (A) and S. flexneri 2a GMMA (B)
differing for sugar length. Eight wild-type (CD1) and T-cell deficient mice (nude CD1) per group
were subcutaneously immunized at days 0 and 28, with 0.5 µg OAg dose. Summary graphs of antiLPS/OAg specific IgG reporting individual antibody levels (dots) and geometric mean with 95%
confidence interval (bars). *p<0.05, **p<0.01, ***p<0.001 Kruskal-Wallis Test.
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Figure 3.5 SBA titers of pooled sera from each group against S. sonnei (A) and S. flexneri 2a (B)
wild type strains.
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Impact of mutations to reduce S. sonnei GMMA endotoxicity on OAg
features.
S. sonnei 53G ∆tolR strain was further mutated for modifying lipid A structure in order to reduce its
reactogenicty (Table 3.4). Two different strategies were tested. In particular, deletion of the htrB gene
resulted in penta-acylated lipid A lacking a lauroyl fatty acid, whereas deletion of the two copies of
the msbB gene resulted in penta-acylated lipid A lacking a myristoyl fatty acid. The expected lipid A
structures were confirmed by MALDI-TOF MS analysis (Figure 3.6).

Table 3.4 Mutations introduced for Lipid A detoxification.
Gene

Gene function

deleted
htrB

Resulting phenotype

Catalyzes the transfer of laurate to Kdo2- Reduction of the endotoxic activity of
lipid IV(A) to form Kdo2-(lauroyl)-lipid the lipid A
IV(A)

msbB1/

Catalyzes the transfer of myristate to Kdo2- Reduction of the endotoxic activity of

msbB2

(lauroyl)-lipid IV(A) to form Kdo2-lipid A
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the lipid A

Figure 3.6 MALDI-TOF spectra of lipid A extracted from GMMA.

GMMA produced from the strains with wild type lipid A or penta-acylated lipid A were fully
characterized. GMMA had an average radius in the range of 30-50 nm, as measured by HPLC-SEC
MALS (Table 3.5) and they were all free from soluble proteins or DNA fragments, as detected by
HPLC-SEC analysis performed on the entire particles (Figure 3.7A).
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Table 3.5 Analytical characterization of S. sonnei GMMA
GMMA
S. sonnei 53G
∆tolR
S. sonnei 53G
∆htrB
S. sonnei 53G
∆msbB

Size 2 x Rw (nm)
(HPLC-SEC/MALS)

OAg/protein
w/w ratio
(HPAEC-PAD/
micro BCA)

Hexa

70.0

0.21

Penta (-lauryl acid)

94.0

0.03

Penta (-myristoyl acid)

84.0

0.22

Lipid A type
(MALDI-TOF)

Figure 3.7 (A) HPLC-SEC profiles of GMMA (TSKGEL G6000 PW + TSKGEL G4000 PW
columns in series equilibrated in PBS): (upper panel) fluorescence emission profile confirming that
GMMA are pure from soluble proteins; (lower panel) traces at 260/280 nm by PDA profile; (B) dRI
profiles by HPLC-SEC (TSK GEL 3000 PWxl column) of sugar extracted from S. sonnei 53G ΔtolR
GMMA, S. sonnei 53G ΔhtrB GMMA and from S. sonnei 53G ΔmsbB GMMA; (C) Silver staining
of extracted LPS from the corresponding bacteria.
GMMA with wild type lipid A were characterized by an OAg to protein ratio of 0.21. The htrB
deletion strongly impacted on the OAg density, with resulting GMMA having OAg to protein ratio ~
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10 times lower compared to S. sonnei 53G ∆tolR GMMA. OAg/protein ratio remained instead similar
to that of S. sonnei 53G ∆tolR GMMA when lipid A was mutated through msbB deletion (Table 3.5).
Analysis of extracted LPS by silver staining showed the presence of similar OAg pattern on all
bacteria and a lower amount of MMM OAg in S. sonnei 53G ΔhtrB compared to S. sonnei 53G ΔtolR
and S. sonnei 53G ΔmsbB (Figure 3.7C). Analysis by HPLC-SEC on extracted OAg confirmed the
presence of sugar populations of similar average size on all GMMA: G4C, HMM/MMM OAg, and
core plus few repeating units (Figure 3.7B) of 200 kDa, 20 kDa and 2.0 kDa respectively. GMMA
showed similar quantity of total lipid A molecules per GMMA protein (around 200 nmol lipid A/mg
GMMA protein). OAg populations of different length on S. sonnei 53G ∆htrB GMMA were isolated
by size exclusion chromatography and more in depth characterized. HMM and MMM OAg were the
most abundant sugar populations (accounting for 77% (w/w) of the total sugar). The G4C accounted
for 9% (w/w) of the total sugar, while the LMM OAg accounted for 14% (w/w) of the total sugar,
having an average of 1 repeating unit every 20 core molecules. The OAg populations separated and
characterized from S. sonnei 53G ∆tolR GMMA and S. sonnei 53G ∆msbB GMMA showed 55% and
48% of MMM OAg, 27% and 29% of G4C, and 18% and 23% of LMM OAg respectively.

Immunogenicity studies in mice with S. sonnei GMMA differing for OAg
density
S. sonnei 53G GMMA with wild type and mutated lipid A were compared in mice at the same proteins
dose of 10 µg, to verify the impact of OAg density on the anti-LPS and anti-GMMA protein immune
response. As a consequence of the different OAg density (Table 3.5), the group of mice immunized
with S. sonnei 53G ΔmsbB GMMA or S. sonnei 53G ∆tolR GMMA received a dose of OAg which
was around 8 times higher compared to the group of mice immunized with S. sonnei 53G ΔhtrB
GMMA. Independently from the different OAg doses, all GMMA elicited comparable levels of antiLPS specific total IgG both 27 days after the first immunization and 14 days after the second one,
with titers at day 42 being statistically higher than those at day 27 (Figure 3.8A). GMMA also induced
high levels of anti-GMMA proteins specific total IgG. In particular, IgG elicited by S. sonnei 53G
ΔhtrB GMMA were higher than those induced by immunization with S. sonnei ΔmsbB GMMA
(Figure 3.8B). Functionality of the sera was evaluated in SBA against S. sonnei wild type strain
(Figure 3.8C). Similar killing of S. sonnei was observed after immunization with all S. sonnei
GMMA.
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Figure 3.8 Anti-LPS IgG ELISA units (A), anti-GMMA proteins IgG ELISA units (B) and SBA
titres against S. sonnei (C) measured in sera obtained by immunizing eight CD1 mice with the
different GMMA. Sera were collected at days -1, 27 and 42. Summary graphs reporting individual
ELISA or SBA titres (dots) and group geometric mean with 95% confidence interval (bars). *p<0.05,
**p<0.01, ***p<0.001 Kruskal-Wallis Test.

3.4 Conclusions
OAg length can be one of the parameters affecting the immune response induced by OAg-GMMA.
As verified for S. flexneri 6 GMMA (chapter 2), also S. sonnei and S. flexneri 2a GMMA display
OAg populations of different length. In order to design an effective vaccine candidate, it becomes
critical to evaluate the role of OAg length on the induced immune response. This could result in
further manipulation of the GMMA producer strain to display OAg with a specific optimal length. In
chapter 2 it was verified that OAg length does not play a major role on the immune response elicited
by S. flexneri 6 GMMA and that even short OAg chains (average of 1.5 RU) are able to induce a high
and functional anti-OAg IgG response, similar to that induced by longer OAg chains. In this study,
the investigation was extended to S. sonnei ATCC 25931 and S. flexneri serotype 2a GMMA, which
carry OAg with different structural characteristics compared to S. flexneri 6 (zwitterionic, neutral and
negatively charged respectively for S. sonnei, S. flexneri 2a and S. flexneri 6). Also, for S. sonnei and
S. flexneri 2a GMMA it was confirmed no impact of OAg length on the induced immune response.
However, by testing in mice S. flexneri 2a GMMA with OAg chain composed by mainly 1 repeating
unit, we verified that it is important not to shorten the sugar length below a certain minimal epitope.
Interestingly, all tested GMMA, including those displaying LMM OAg only, were able to induce a
significant response in T-cell deficient mice, even if much lower compared to that induced in wild
type mice. This means that, when presented in multiplicity on GMMA particles, even short OAg
chains are able to elicit part of their response through direct activation of B-cells and no involvement
of T-cells. This could result in a negative impact on the ability of the vaccine to boost the response
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after re-injection and on the longevity of the response induced. However, all GMMA tested here
resulted in increased response after re-injection in wild type mice. Moreover, for S. flexneri 6 GMMA,
it was also verified no decrease of the immune response 10 weeks after immunization. In conclusion,
OAg length does not seem to be a critical quality attribute for OAg-GMMA vaccines independently
of the pathogen and the sugar structural characteristics. However, attention must be paid in order to
avoid the complete lack of immunogenicity as it happened for S. flexneri 2a GMMA displaying LMM
OAg only.
By working with S. sonnei 53G GMMA, it was confirmed that mutations introduced in wild type
bacteria for producing GMMA with modified lipid A can have an impact on OAg features126. In this
study, GMMA differing in the relative density of OAg chains on their surface, while maintaining the
same OAg length, were tested. Indeed, despite all GMMA were similar in size, the htrB deletion, but
not the msbB mutation, strongly impacted on OAg overall amount. By comparing GMMA at the same
protein dose (e.g. different OAg dose) was found that they induced a similar anti-LPS IgG response
and bactericidal activity. However, the anti-GMMA proteins response was higher when less OAg
chains were present and possibly masked the protein components. Studies performed by the group of
Dr. Micoli soon after the end of my laboratory work verified that the anti-LPS IgG response had
already reached the plateau at the OAg doses tested in this study. For this reason, no difference was
observed between groups immunized with quite different OAg doses. A second study was performed
comparing Ss 53G ∆htrB GMMA and Ss 53G ∆msbB GMMA at the same OAg dose in the range
0.036-36 ng (not shown). From this study no impact of the OAg density on the immune response
induced in mice was confirmed. The effect of this observation is that a higher OAg to protein ratio
should allow the use of a lower amount of GMMA per OAg-based vaccine dose to obtain the same
anti-LPS antibody response. This means that higher OAg density may allow an increase in the OAg
full human dose while keeping a relatively low total protein and lipid A amount. This would be
beneficial in terms of safety in clinical trials.
In conclusion, no major impact of both OAg length and density on the immune response induced by
GMMA was found, differently from what reported for traditional glycoconjugate vaccines. GMMA
allow multidisplay of OAg repeats independently from sugar length and density. On the contrary, in
glycoconjugates fewer OAg chains are linked to the carrier protein and sugar length, together with
the specific conjugation chemistry used, could play a role117, 187, 188, 190 on the induction of immune
response. In the case of GMMA what seems to be crucial is the display of OAg chains containing the
minimal immunogenic epitope, as verified by testing S. flexneri 2a chain with 1 repeating unit only.
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This work supports the identification of critical parameters to optimize Shigella OAg-GMMA
vaccine design and identify those attributes that are critical for vaccine efficacy and need to be
controlled for vaccine release.
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4 Development of analytical methods for the complete GMMA characterization
with particular attention to the OAg component
One of the main aims of my PhD project was the development of analytical methods for the complete
GMMA characterization with particular attention to the OAg component. GMMA are complex
systems, but a large panel of analytical methods have been developed to allow their full
characterization126, 176 (Table 4.1.). Many of these methods are generic and can be applied to GMMA
from different pathogens, as verified by working with S. flexneri 6 GMMA.

Table 4.1 Methods used for GMMA characterization.
Aims

Methods

Size and aggregation status

HPLC-SEC-MALS/ DLS

Total protein quantification

micro BCA

OAg quantification

HPAEC-PAD/ Dische colorimetric

Purity (e.g. from soluble proteins, DNA)

HPLC-SEC
1D- and 2D-NMR (1H,

OAg identity

13

C, HSQC, COSY,

DOSY, H2BC, TOCSY, HMBC, NOESY, Q
NMR)

OAg molecular size distribution

HPLC-SEC (dextrans Calibration curve) after
OAg extraction

OAg OAc content

1

Lipid A structure

MALDI-MS on isolated lipid A

OAg linkage

GLC-MS after OAg extraction

H NMR after OAg extraction

However, OAg quantification is something pathogen specific, related to OAg structural
characteristics. In this study, it was developed an improved method for S. sonnei OAg quantification
as the methods used so far have limitations in terms of specificity and sensitivity. The improvement
of Dische colorimetric method for S. flexneri 6 OAg quantification and the development of a novel
method based on HPAEC-PAD was also performed. Work is still ongoing to determine the linearity,
the reproducibility and the recovery of this last assay.
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4.1 Development of a specific and sensitive HPAEC-PAD method for the
quantification of S. sonnei OAg applicable to other polysaccharides
containing amino uronic acids
Introduction
Manufacture of vaccines requires a good characterization and quality control of all its components.
S. sonnei OAg content is a critical quality attribute of vaccines against S. sonnei and a method for S.
sonnei OAg quantification is fundamental for vaccine release, to monitor its stability and to ensure
an appropriate immune response.
S. sonnei OAg, is composed of repeating disaccharide units of O-[2-(N-Acetyl)amino-2-deoxy-α-Laltropyranuronic acid] (1→4)- [4-amino-2-(N-Acetyl)amino-2,4-dideoxy-β-D-galactopyranosyl]n
(Figure 4.1.1A)117.

Figure 4.1.1 S. sonnei OAg (A) and Vi Polysaccharide RU structures (B).
The application of the traditional High-Performance Anion Exchange Chromatography-Pulsed
Amperometric Detection (HPAEC-PAD) method commonly used for carbohydrates quantitative
analysis, does not give the expected results because of S. sonnei OAg resistance to acid hydrolysis195.
Previously a quantification method based on strong alkaline hydrolysis followed by HPAEC-PAD
analysis was developed151. The conditions of hydrolysis were optimized for Vi polysaccharide (Vi) a
linear homopolymer of α-1,4-N-acetylgalactosaminouronic acid, O-acetylated at the C-3
position196(Figure 4.1.1B) which is the key component of vaccines against typhoid fever197, 198, and
successfully applied also to S. sonnei OAg. However, the method is based on the quantification of an
unknown species deriving from polysaccharide degradation in alkaline conditions. Although the
assay is useful, the specificity of the assay is sub-optimal, since the hydrolysis applied to Vi
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polysaccharide resulted in the formation of the same species obtained from S. sonnei OAg hydrolysis,
likely coming from degradation of the galacturonic acid107.
Here, with the aim to improve sensitivity and specificity of the analysis, a novel method for S. sonnei
OAg quantification was developed, based on acid hydrolysis with concomitant use of trifluoroacetic
and hydrochloric acids, reported for fast proteins hydrolysis199, followed by HPAEC-PAD. The
method was developed by working with Vi polysaccharide and then it was successfully applied to S.
sonnei OAg, confirming its specificity. A Design of Experiment (DoE) approach was used for the
identification of optimal hydrolysis conditions. The method developed results in a more sensitive and
specific assay, based on the detection of the de-aceylated monomer for Vi and de-aceylated altruronic
acid for S. sonnei OAg. Accuracy and precision were also determined.
This new method will facilitate characterization of S. sonnei OAg based vaccines. Furthermore, a
similar approach can be used for the quantification of other polysaccharides containing 2-amino
uronic acids, resistant to common acid hydrolysis, like Streptococcus pneumoniae serotype 12F and
Staphylococcus aureus types 5 and 8 capsular polysaccharides, as already verified here.

Materials and Methods
Sodium hydroxide (NaOH) 50% w/w (catalogue no. 7067) was purchased from Baker.
Trifluoroacetic acid (TFA) (catalogue no. 299537) was purchased from Honeywell.
Maleic acid standard for quantitative NMR (qNMR) spectra (catalogue no. 92816), deuterium oxide
(D2O) (catalogue no. 151882), acetonitrile (catalogue no. 20060), hydrochloric acid (HCl) fuming
37% (catalogue no. 84436), glucuronic acid sodium salt monohydrate (catalogue no. G8645) and
galacturonic acid monohydrate (catalogue no. 48280) were purchased from Sigma-Aldrich.
Pure water grade 1, > 18 MΩ-cm at 25°C, was prepared by purifying deionized water.
Acroprep Advance 96 filter plate 0.2 μm Supor (catalogue no. 8119) was purchased from Pall. 1 mL
96 Deepwell plate (catalogue no. 260252), 96 well conical BTM PP plate (catalogue no. 249944),
and pre-slit well cap for 96 well PP plate (catalogue no. 276011) were purchased from Thermo. Screw
cap glass vials 2 mL, and W/Teflon rubber lined cup (catalogue no. 224741) were purchased from
Wheaton. Combitip plus 5 mL (catalogue no. 0030069.250) were purchased from Eppendorf.
Vi purified polysaccharide, Shigella sonnei purified OAg, and Vi-CRM197 conjugate were prepared
as previously described107, 200.

Optimized hydrolysis conditions.
TFA-HCl mixture was freshly prepared by mixing TFA to HCl in a 2:13 v/v ratio in a glass bottle.
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Three hundred microliters of a solution containing 10 µg/mL of polysaccharide sample or standard
in a 2 mL screw cap glass vial were added to 1 mL TFA-HCl mixture using an Eppendorf Xstream
Electronic Pipettors; the lid was closed, and the content was mixed by vortexing.
The hydrolysis vials containing samples or standards were placed inside a SBH130D/3 Stuart
Thermoblock equipped with three preheated SHT1 12 33 Stuart aluminum blocks, at 80°C for 4.5
hours. The temperature was monitored with a glass thermometer inserted in the aluminum block.
After hydrolysis, the vials were removed from the block heater and cooled to room temperature. The
content of the vials was then evaporated for around 2 h using a nitrogen flow with a Techne sample
concentrator FSC400D equipped with PTFE coated needles FSC4NCS.
After drying, the content of each vial was re-dissolved in 300 µL of water and accurately mixed by
vortexing. The content of each vial was transferred into a 0.2 filtration 96-well plate placed over a 96
conical BTM plate and centrifuged (Beckmann Allegra X-15 with SX4750 swinging-bucket rotor
and 393070 microplate carrier) at 1500 rpm for 1 minute to collect filtered samples.
The plate containing filtered sample or standard solutions was covered with the pre-slit 96-well cap
and put in the HPAEC-PAD auto sampler compartment.

High Performance Anion Exchange Chromatography with Pulsed Amperometric Detection
(HPAEC–PAD).
The chromatographic runs were performed on a Thermo ICS-5000 (Chromeleon 7.2) or ICS-3000
(Chromeleon 6.8) using pulsed Amperometric mode with gold working electrode and Ag/AgCl
reference electrode applying standard quad carbohydrate wave form.
The separation was performed on a Thermo CarboPac PA1 4x250 analytical column with Thermo
CarboPac PA1 4x50 guard column. The column and detector compartments were kept at 25°C, the
sample compartment at 10°C.
A solution of glucuronic acid and galacturonic acid (5 µg/mL each) was injected three times before
the analysis as system suitability test, checking plate count and asymmetry value of the peaks.
Chromatographic conditions used were: 25 µL injection, total run time of 15 minutes, with isocratic
elution in 400 mM NaOH at a flow rate of 1.5 mL/min, with no washing step between runs. At the
end of the analysis, the column was stored in 200 mM NaOH after washing with 500 mM NaOH with
a flow rate of 1 mL/min for 20 minutes.
For quantification, two calibration curves were run, one at the beginning and one at the end of the
sample list; calibration curve points were accepted if the residual was lower than 10% (15% for the
lowest calibration point) discarding a maximum of one point per analysis.
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Each sample was analyzed in triplicate and the results were averaged. Dixon Q test 99% (Q threshold
value of 0.994) was used to have the possibility to remove from the average one of the three hydrolysis
replicates.

Nuclear Magnetic Resonance (NMR) spectroscopy.
Spectra were recorded at 298K with a Bruker Avance III 400 spectrometer using standard pulse
sequences. 1H-NMR spectra were recorded at 400 MHz, chemical shift values are reported in ppm;
solvent peak for D2O was calibrated at 4.79 ppm. 13C-NMR spectra were recorded at 100 MHz.
The 1H- 13C NMR spectra of the monomer were assigned using two-dimensional experiments: COSY
and HSQC. 1 mg of Vi polysaccharide sample was hydrolyzed in the optimized hydrolysis condition,
the hydrolysis mixture was dried under nitrogen flush and re-suspended in 650 µL of D2O.
For quantitative NMR (qNMR) spectra, a solution of Vi polysaccharide was transferred in two screw
cap vials and dried, to have 1 mg of polysaccharide (one to use as reference and one for hydrolysis)
in each vial. The sample subjected to hydrolysis was re-suspended in water and treated with a final
mixture of HCl 8M in 10% TFA for 4.5h at 80°C, then it was dried.
The dried polysaccharide used as reference and the dried hydrolyzed polysaccharide were resuspended in D2O (500 µL) and 150 µL of maleic acid standard solution (350 µg/mL) was added.
The polysaccharide in the reference vial was de-O-acetylated adding 35 µL of NaOD 4M in D2O and
warming at 37°C for 2h. Spectra were acquired using a total recycle time to ensure a full recovery of
each signal (5×Longitudinal Relaxation Time T1).
The hydrolyzed sample was quantified using the ratio between the sum of the H-3α and H-3β signals
and the maleic acid internal standard. The de-O-acetylated polysaccharide was quantified using the
ratio between the N-acetyl signal and the maleic acid internal standard. The hydrolysis yield was
estimated by calculating the ratio between the two quantifications.

Mass spectrometry (MS).
High resolution mass spectra were recorded on Q-Exactive plus (Thermo) by direct infusion of the
sample at 10 µL/min. One mg of polysaccharide was hydrolyzed in the optimized conditions and
dried, re-suspended at 200 µg/mL final concentration in 80% acetonitrile/20% water. The following
parameters were used: scan range 80-2000 m/z; resolution 70000, positive ion mode, sheath gas flow
rate 5, auxiliary gas flow rate 1, sweep gas flow rate 0, spray voltage 3.8 KV, capillary temperature
100°C, S-lens RF level 60, aux gas heater 40°C.
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Design of Experiment.
Experimental planning and data elaboration were performed with Design Expert 10, Stat-Ease Inc.

Statistical analysis.
Statistical analyses were performed with Minitab 18, Minitab Inc.

Results
DoE approach for identification of optimal Vi hydrolysis conditions.
After few preliminary and promising tests performed to verify the possibility to hydrolyze Vi
polysaccharide with concomitant use of TFA and HCl, traditionally reported for the analysis of the
amino acid composition of proteins199, a first DoE experiment was performed. A split-plot with
temperature as hard to change factor, response surface method, spherical design (α =2) was used
(Table 4.1.1 reports detailed list of experiments performed).
HCl concentration, TFA concentration, time and temperature of hydrolysis, were the factors
evaluated in the range 5-8 M, 10-20% v/v, 2-5 h, and 80-110°C, respectively. Each hydrolysis test
was performed on a total volume of 450 µL at 7 µg/mL Vi, with the acid hydrolysis mixture
composition, time and temperature as detailed in Table 4.1.1.
After the hydrolysis, samples were dried and stored at 4°C until the analyses were performed. After
having performed all the hydrolyses, all the samples were re-suspended in 300 µL of water and
analyzed by HPAEC-PAD; the injection order followed the same randomization scheme used for the
hydrolysis (Table 4.1.1).
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Table 4.1.1 Identification of optimal hydrolysis conditions for Vi quantification by acid hydrolysis
followed by HPAEC-PAD: first DOE set of experiments.
Groups

Runs per Group

Center Point

3

3

Factorial

2

8

Hard to change Axial

2

2

Easy to change Axial

1

6

Total

8

35

Std

Group

Run

21
20
17
18
19
28
24
29
25
26
27
22
23
8
5
4
1
6
7
2
3
16
11
15
14
10
9
13
12
33
34
35
31
30
32

1
1
2
2
2
3
3
3
3
3
3
4
4
5
5
5
5
5
5
5
5
6
6
6
6
6
6
6
6
7
7
7
8
8
8

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

Factor 1
A:HCl
M
6.5
6.5
6.5
6.5
6.5
6.5
3.5
6.5
9.5
6.5
6.5
6.5
6.5
8.0
5.0
8.0
5.0
8.0
5.0
8.0
5.0
8.0
5.0
5.0
8.0
8.0
5.0
5.0
8.0
6.5
6.5
6.5
6.5
6.5
6.5

Factor 2
B:TFA
%
15
15
15
15
15
15
15
15
15
5
25
15
15
20
10
20
10
10
20
10
20
20
20
20
10
10
10
10
20
15
15
15
15
15
15
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Factor 3
C:Time
hours
3.5
3.5
3.5
3.5
3.5
0.5
3.5
6.5
3.5
3.5
3.5
3.5
3.5
5.0
5.0
2.0
2.0
5.0
5.0
2.0
2.0
5.0
2.0
5.0
5.0
2.0
2.0
5.0
2.0
3.5
3.5
3.5
3.5
3.5
3.5

Factor 4
d:Temperature
°C
65
65
95
95
95
95
95
95
95
95
95
125
125
80
80
80
80
80
80
80
80
110
110
110
110
110
110
110
110
95
95
95
95
95
95

The optimization was performed with the aim to maximize the hydrolysis yield, so the analyte
chromatographic peak area.
To elaborate the data, a response surface with a quadratic model was chosen and the data were log
transformed before analysis. Non-significant terms (p-value > 0.05) were removed from the model
using a backward elimination process (statistical analysis and results are reported in Figure 4.1.2,
4.1.3). The residuals of the model were not normally distributed with none of the data transformations
tried. However, the outcome of the experiment was considered a starting point for further
experiments, as the adjusted R2 resulted of 0.94.
Conditions that lead to the highest peak area in the design space tested were HCl 8M, 80°C, 5h,
(Figure 4.1.3), while the variation of the TFA concentration was not relevant in the 10-20% range
tested.
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Figure 4.1.2 Identification of optimal hydrolysis conditions for Vi quantification by acid hydrolysis
followed by HPAEC-PAD: statistical analysis of the model for the first DOE.
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Figure 4.1.3 Identification of optimal hydrolysis conditions for Vi quantification by acid hydrolysis
followed by HPAEC-PAD: first DOE response surface.
On the basis of these results, an ad hoc experiment was performed comparing the results of hydrolysis
at 80°C for 5h, in 8M HCl with and without 10% TFA. In the presence of TFA, the area of the
resulting analyte peak was about twice higher than the corresponding peak obtained without TFA.
This confirms that the variation of TFA concentration has no effect in the range of 10-20%, but the
presence of TFA is needed to assure a more efficient hydrolysis.
To reduce the number of tests in the subsequent optimization, the TFA percentage in the hydrolysis
mixture was maintained at 10% (v/v).
A second DoE was performed, again with a split-plot with temperature as hard to change factor,
response surface method, spherical design (α = 1.73) (Table 4.1.2) changing the HCl concentration
from 8 to 10M, a hydrolysis time in the range 2-6 h, and the temperature in the range 60-80°C.
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Table 4.1.2 Identification of optimal hydrolysis conditions for Vi quantification by acid hydrolysis
followed by HPAEC-PAD: second DOE set of experiments.
Groups

Runs per Group

Center Point

3

3

Factorial

2

4

Hard to change Axial

2

2

Easy to change Axial

1

4

Total

8

25

Std

Group

Run

14
12
13
25
27
26
18
20
21
19
3
4
1
2
9
10
11
16
15
17
8
7
6
5
22
24
23

1
1
1
2
2
2
3
3
3
3
4
4
4
4
5
5
5
6
6
6
7
7
7
7
8
8
8

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Factor 1
A:HCl
M
9.0
9.0
9.0
9.0
9.0
9.0
7.3
9.0
9.0
10.7
8.0
10.0
8.0
10.0
9.0
9.0
9.0
9.0
9.0
9.0
10.0
8.0
10.0
8.0
9.0
9.0
9.0

Factor 2
B:Time
h
4.0
4.0
4.0
4.0
4.0
4.0
4.0
0.5
7.5
4.0
6.0
6.0
2.0
2.0
4.0
4.0
4.0
4.0
4.0
4.0
6.0
6.0
2.0
2.0
4.0
4.0
4.0

Factor 3
c:Temperature
°C
53
53
53
70
70
70
70
70
70
70
60
60
60
60
70
70
70
87
87
87
80
80
80
80
70
70
70

Again, a response surface with a quadratic model was chosen and the data were log transformed
before analysis. With a backward elimination process, the non-significant terms (p-value > 0.05) were
removed from the model (Figure 4.1.4, 4.1.5). The residuals were normally distributed (Ryan-Joiner
test, P > 0.1) and the model resulted with an adjusted-R2 of 0.97.
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On the basis of the results, 8 M HCl, 10% TFA, 4.5 h, and 80°C, were selected as optimized hydrolysis
conditions (Figure 4.1.6).

Figure 4.1.4 Identification of optimal hydrolysis conditions for Vi quantification by acid hydrolysis
followed by HPAEC-PAD: statistical analysis of the model for the second DOE.
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Figure 4.1.5 Identification of optimal hydrolysis conditions for Vi quantification by acid hydrolysis
followed by HPAEC-PAD: second DOE response surface and residuals normality plot.
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Figure 4.1.6 Identification of optimal hydrolysis conditions for Vi quantification by acid hydrolysis
followed by HPAEC-PAD: response surface plots from DOE experiments.
Vi hydrolysis product has the expected structure of 2-amino-galacturonic acid monosaccharide.
One of the main drawbacks of our previous method for quantification of Vi polysaccharide by
alkaline hydrolysis followed by HPAEC-PAD151 was the formation of an unknown product of
degradation through hydrolysis. We aimed to characterize the product coming from the HCl/TFA
hydrolysis.
Vi polysaccharide was hydrolyzed in the optimized conditions identified through the DoE
experiments (80°C, 8 M HCl, 4.5 h, TFA 10%). The resulting product was characterized after
inspection of 1H NMR, 13C-NMR, COSY (Figure 4.1.7A) and HSQC (Figure 4.1.7B) spectra, leading
to the identification of the resonances corresponding to 2-amino-galacturonic acid monosaccharide
in equilibrium between α and β configurations (Figure 4.1.7A). The assignment of 1H- and 13C-NMR
chemical shifts is reported below.
1

H NMR (400 MHz, D2O) δ 5.51 (d, J= 3.6, 1H, H-1α), 5.04 (m, 1H, H-5β), 4.88 (d, J= 8.5, 1H, H-

1β), 4.70 (d, J=0.8 Hz, 1H, H-5α), 4.34 (m, 1H, H-4α), 4.17 (m, 1H, H-4β), 4.15 (dd, J= 3.2, 10.9 Hz,
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1H, H-3α), 3.94 (dd, J= 3.3, 10.9 Hz, 1H, H-3β), 3.48 (dd, J= 3.6, 10.9 Hz, H-2α), 3.19 (dd, J= 8.50,
10.9 Hz, H-2β).
C NMR (100 MHz, D2O) δ 100.3 (CO), 92.8 (C-1β), 89.2 (C-1α), 71.4 (C-5β), 70.4 (C-5α), 69.1

13

(C-4 α), 68.9 (C-3β), 65.9 (C-3α), 53.8 (C-2β), 50.7 (C-2α).
Signals at 50.7 and 53.8 ppm in the HSQC spectrum are characteristic of C-N linkage (Figure 4.1.7B),
confirming no loss of the amino group after hydrolysis.
Formation of the expected amino-uronic de-O- and de-N-acetylated monomer was also confirmed by
MS analysis (Figure 4.1.7C). The ion at 194.06609 u corresponded to C6H12NO6 [M+H]+ (vs
calculated 194.06591), while the ion at 216.04797 u to the sodium adduct C6H11NO6Na [M+Na]+ (vs
calculated 216.04786). The ion having 176.05548 u corresponded to its dehydrated form. The peak
at 284.33132 u was attributed to the surfactant cetyltrimethylammonium (CTA), residual from the
polysaccharide purification200.
Using orthogonal techniques (NMR and MS) we demonstrated that the hydrolysis conditions applied
lead to the de-O-acetylated Vi monomer with a recovery of 99.3%, as calculated by qNMR.
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Figure 4.1.7 COSY (A), HSQC (B) cross-peaks 1H-13C assigned for galacturonic acid
monosaccharide in equilibrium between α and β conformations, MS spectrum (C) of the monomer
coming from Vi polysaccharide hydrolyzed with HCl/TFA in the optimal conditions identified.
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Linearity determination.
To assess the linearity of the novel method, five different replicates of the calibration curve were run
at Vi concentration of 0.15 – 0.31 – 0.62 – 1.25 – 2.5 – 5 – 10 µg/mL. Sample preparation order and
chromatographic run order were randomized.
A regression analysis on the data generated showed a significant linear model and a non-significant
lack of fit. However, the residuals did not have a normal distribution and could not be normalized
using Box-Cox transformation of the data.
The regression analysis was then repeated by reducing the range of the calibration curve (highest
calibration curve point from 10 to 5 µg/mL): the regression model was significant, the lack of fit not
significant and the residuals resulted normally distributed without the need of data transformation
(Figure 4.1.8).
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Figure 4.1.8 Linearity determination for quantification of Vi by acid hydrolysis followed by HPAECPAD: A) ANOVA on 5 replicates run for the calibration curve; B) replicates of the calibration curve.
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Repeatability and intermediate precision determination.
The precision of the method was determined for both unconjugated and conjugated Vi polysaccharide
samples201.
To assess the precision for the analysis of Vi polysaccharide sample (2 µg/mL), a total of six analysis
sessions were performed in six different days. Two operators ran 3 sessions each. In each session,
samples preparation order and chromatographic run order were randomized.
An analogous experimental design was used to assess precision for the analysis of Vi-CRM conjugate
sample (2.5 µg/mL Vi).
ANOVA variance component analysis (general linear model with random factors and analysis
sessions nested in the operator) was used to estimate the intermediate precision (defined as the
variability among different sessions, different analysts), the repeatability (defined as the variability
under the same operating conditions over a short interval of time) and the operator and analysis
session contributions to the variability (Figure 4.1.9).
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Figure 4.1.9 Repeatability and intermediate precision determination for quantification of Vi by acid
hydrolysis followed by HPAEC-PAD in unconjugated and conjugate samples.
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Results obtained, reported as % coefficient of variation (CV), are presented in Table 4.1.3 for both
sample types.

Table 4.1.3 Vi quantification by acid hydrolysis followed by HPAEC-PAD: intermediate precisions
and repeatability determination for analysis of Vi and Vi-CRM.
Sample

Intermediate
precision

Repeatability

Operator

Analysis Session

Vi

5.6%

5.3%

0.0%
(not significant p = 0.387)

1.9%
(not significant p= 0.300)

Vi-CRM
conjugate

5.1%

3.0%

3.1%
(not significant p = 0.127)

2.8%
(significant p = 0.042)

Accuracy determination.
The accuracy was not estimated for Vi sample as the same substance is used to build the calibration
curve. The accuracy for Vi-CRM sample was estimated using spike and recovery technique.
1 µg/mL Vi polysaccharide was spiked to Vi-CRM conjugate sample (tested at a concentration of 2.5
µg/mL of Vi).
To assess spike and recovery, a total of six analysis sessions was performed in six different days.
Two operators ran 3 sessions each. In each session, samples preparation order and chromatographic
run order were randomized. For each analysis session, the recovered amount of spiked polysaccharide
on the theoretical spike was calculated. The average of results was 101% recovery, with a confidence
interval (95%) of 85-117% (Figure 4.1.10).
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Figure 4.1.10 Accuracy determination (spike recovery) for Vi quantification in conjugate samples.
Hydrolysis with HCl/TFA extended to the quantification of S. sonnei O-antigen by HPAECPAD.
The conditions of hydrolysis optimized for Vi were applied to S. sonnei O-antigen. Also S. sonnei Oantigen contains a N-acetyl-amino uronic acid in its repeating unit (Figure 4.1.1A), making the
polymer resistant to commonly used acid hydrolysis for sugar chain depolymerization before
monomers quantification by HPAEC-PAD107.
For the quantification of such sugar, we had previously applied same alkaline hydrolysis conditions
and HPAEC-PAD analysis used for Vi quantification107. Chromatograms revealed the formation of
the same unknown species derived from Vi hydrolysis (Figure 4.1.12A, B). After hydrolysis with
HCl/TFA, two different products from hydrolysis of Vi and S. sonnei O-antigen were instead
identified by HPAEC-PAD, as expected (Figure 4.1.12C, D).
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Figure 4.1.12 HPAEC-PAD chromatograms after alkaline hydrolysis of Vi polysaccharide (A) or S.
sonnei O-antigen (B), and after HCl/TFA hydrolysis of Vi polysaccharide (C) or S. sonnei O-antigen
(D).
A kinetic of hydrolysis performed at 80°C with 8M HCl and 10% TFA was performed for S. sonnei
O-antigen, confirming maximum area of the detected peak close to 4.5 h (Figure 4.1.13). Also,
linearity of the method in the range 0.08-2.5 µg/mL was verified (Figure 4.1.14).

Figure 4.1.13 Kinetic of hydrolysis for quantification of S. sonnei O-antigen.
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Figure 4.1.14 Linearity determination for quantification of S. sonnei O-antigen by acid hydrolysis
followed by HPAEC-PAD: A) ANOVA on 5 replicates of the calibration curve; B) replicates of the
calibration curve.
93

Analysis by MS of the product of hydrolysis (Figure 4.1.15) was consistent with de-aceylated
amino-uronic acid (U) at 194.0656 u corresponding to C6H12NO6 [U+H]+ (vs calculated 194.0659),
the peak of de-acetylated fucosamine (F) at 163.1074 u corresponding to C6H15N2O3 [F+H]+ (vs
calculated 163.1077). Also, the presence of the peak corresponding to the disaccharide repeating
unit (UF) C12H24N3O8 [UF+H]+ was found at 338.1540 u (vs calculated 338.1558).

Figure 4.1.15 MS analysis of the product coming from acid hydrolysis of S. sonnei O-antigen in the
optimal conditions identified.
TFA/HCl Hydrolysis Extended to other Polysaccharides Containing 2-amino Uronic Acids.
In order to collect further evidence that the method developed can be extended to other
polysaccharides containing 2-amino uronic acids, the optimized conditions for Vi were applied to
Streptococcus pneumoniae serotype 12F and Staphylococcus aureus types 5 and 8 capsular
polysaccharides202, 203, performing a kinetic of hydrolysis in the range 1−7 h. All three selected
polysaccharides contain N-acetylamino mannuronic acid in their structure. After hydrolysis we
identified the formation of a peak eluting at the same retention time for all of them (Figure 4.1.16),
with the maximum area after 3 h of hydrolysis. Analysis by MS of the products of hydrolysis
confirmed in all cases the presence of de-N-acetylated amino-uronic acid. MS analysis also revealed
presence of fucosamine, common to all three structures.
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Figure 4.1.16 HPAEC-PAD chromatograms after HCl/TFA hydrolysis of Staphylococcus aureus
type 8 (A), type 5 (B) and Streptococcus pneumoniae serotype 12F (C) polysaccharides.

Discussion
No vaccines are currently widely available against S. sonnei but many are under development. Since
the OAg moiety of Shigella LPS has been recognized as a key target for protective immunity, many
Shigella vaccine candidates are OAg-based60. The determination of the OAg content is one of the
critical attributes of Shigella OAg-based vaccines. To date the anthrone colorimetric method204 and
the HPAEC-PAD procedure previously developed in GVGH151 for Vi quantification205 have been
used to quantify S. sonnei OAg. However, such methods suffer for low specificity and low sensitivity.
One of the major obstacles to the development of a sensitive and specific method for S. sonnei OAg
quantification is its resistance to common procedures of acid hydrolysis, usually applied to
depolymerize polysaccharides before their monosaccharide quantification206-209. In this study, a new
hydrolysis procedure was identified, based on simultaneous use of TFA and HCl, that has allowed
recovery from the OAg of S. sonnei its de-acetylated altruronic acid monomer. This was the monomer
selected for quantification and optimization of hydrolysis and chromatographic conditions. Formation
of de-acetylated fucosamine was verified by MS but did not verify if simultaneous use of TFA and
HCl also caused its partial degradation.
The high yield of hydrolysis obtained together with formation of a well-defined species, made the
new method not only specific but also more sensitive than the alkaline based HPAEC-PAD procedure
previously developed. LOQ of 0.08 µg/mL vs 2.5 µg/mL has been achieved.
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The method has been developed by working on Vi polysaccharide that similarly to S. sonnei OAg
contains 2-amino uronic acids. A DOE approach has been applied to identify optimal hydrolysis
conditions. Use of such methodology allows to reduce the number of tests and identify optimal
combinations of reaction conditions. Also, chromatographic conditions were modified to reduce
analysis time from 31 minutes for the original HPAEC-PAD analysis to less than 15 minutes.
The method has resulted to be precise and accurate for quantification of both unconjugated and
conjugated Vi. The variability found (close to 5%) can be mainly attributed to repeatability, with no
significant contribution from the operator.
The same procedure optimized for Vi was then successfully extended to S. sonnei OAg. Analysis by
MS confirmed also in this case formation of the expected monomers. The presence of the repeating
unit could be due to high sensitivity of the method, as such peak was not detected by HPAEC-PAD
chromatography.
This new method will facilitate the characterization of S. sonnei OAg based vaccines and will find
application for vaccine release and vaccine stability to be followed over time. Furthermore, a similar
approach can be used for the quantification of other polysaccharides containing 2-amino uronic acids,
like Streptococcus pneumoniae serotype 12F, and Staphylococcus aureus types 5 and 8 capsular
polysaccharides.
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5 Conclusions
The main aim of my PhD project was to compare GMMA and glycoconjugate technologies for the
development of a vaccine candidate against S. flexneri serotype 6, a main cause of shigellosis in
LMICs. The conjugation approach has been largely explored for the development of OAg based
vaccines117, 183-185. More recently, GMMA have been proposed as an alternative delivery system for
OAg107,
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. In a head to head study in mice, in the absence of Alhydrogel, GMMA induced

significantly higher anti-OAg specific IgG and stronger SBA titers than the conjugate. The results
were different in the presence of Alhydrogel, where GMMA and conjugate induced similar levels of
functional antibodies. In a previous study where non-typhoidal Salmonella (NTS) GMMA and
glycoconjugates were compared in the presence of Alhydrogel125, GMMA induced anti-OAg IgG
titres similar to glycoconjugates, but with much stronger functionality. By looking at IgM and IgG
subclasses, NTS glycoconjugates mainly induced IgG1, while increased Ig isotype switching, and
induction of IgM was observed with GMMA. Differently, in this study, S. flexneri 6 glycoconjugate
not only induced IgG1, but also IgM, IgG2a, IgG2b, IgG3 at comparable levels with those induced
by GMMA. The reason for this difference could be related to the different structure of S. flexneri 6
OAg compared to NTS OAg, or to a different contribution of the protein antigens to the overall
immune response induced by NTS GMMA compared to S. flexneri 6 GMMA. Contribution of the
protein antigens to the immune response induced by GMMA from different pathogens is currently
under evaluation.
Glycoconjugates are a well-established bacterial vaccine approach but they can be costly particularly
when multi-component preparations are required, as for Shigella. Taken together, the results from
this work indicate that with similar immunogenicity induced and a simpler manufacturing process,
GMMA appear a promising strategy for the development of a vaccine against Shigella flexneri 6.
It would be interesting to verify if the results obtained for S. flexneri 6 can be generally extended to
other Shigella serotypes. Shigella conjugates, against S. sonnei and S. flexneri 2a, have been already
tested in clinical trials and verified to be effective in adults104, 210. S. sonnei conjugate also conferred
protection in 3-4 years-old children, but it was not effective in infants101. S. sonnei GMMA have been
already tested, in Europe108, 145 and in shigellosis-endemic country109, in phase 1 and 2 clinical trials,
showing to be well tolerated and immunogenic in adults. A 4-component formulation is now
approaching clinical trials. It would be interesting to perform additional studies in order to compare
GMMA and glycoconjugates at preclinical level and verify how the data obtained using animal
models can predict results in humans of different ages.
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Many variables can influence the immune response induced by glycoconjugate and GMMA based
vaccines. For glycoconjugates, polysaccharide chain length, polysaccharide density, conjugation
chemistry used, the nature of the spacer and of the carrier protein, structural characteristics of the
polysaccharide like O-acetylation, conjugate size, and attachment point to the carrier protein have
been extensively explored156. It was found that these characteristics can affect the magnitude, quality
and persistence of the antibody response elicited170. For GMMA based vaccines which carry
polysaccharide antigens on the surface, sugar length, density, O-acetylation could also play a role on
their efficacy and their impact needs to be investigated for the design of optimal vaccine candidates170.
In this study, S. flexneri 6 GMMA differing for polysaccharide chain length were generated and it
was verified that this characteristic does not have a major impact on the immune response induced in
mice. Even very short OAg chains, with an average of 1.5 repeating units, were able to induce
functional IgG antibodies similarly to longer OAg chains. All OAg chains, when presented on
GMMA, induced a significant IgG response in T-cell deficient mice, independently from sugar
length, even if significantly lower than that induced in wild type mice, highlighting the induction of
a mixed T-dependent/T-independent response. This could result in a negative impact on memory and
persistency of the antibody response. However, GMMA were able to boost the response and induced
persistent antibodies in mice.
A similar investigation was extended to S. sonnei and S. flexneri 2a GMMA, which carry OAg with
different structural characteristics compared to S. flexneri 6 (zwitterionic, neutral and negatively
charged respectively). Also, for S. sonnei and S. flexneri 2a GMMA our studies confirmed no impact
of OAg length on the immune response elicited in mice. However, by testing in mice S. flexneri 2a
GMMA with OAg chain constituted by mainly 1 repeating unit, it was verified that it is important
not to shorten the sugar length below the minimal immunogenic epitope.
By working with S. sonnei GMMA, it was confirmed that mutations introduced in wild type bacteria
for producing GMMA with modified lipid A can have an impact on OAg expression levels 126. Even
if OAg density had no impact on the immunogenicity in mice, higher OAg to GMMA ratio allows to
increase OAg full human dose while keeping protein and lipid A amounts relatively low, thus
diminishing safety concerns in clinical trials.
Also, OAg O-acetylation was verified not to be critical for the immune response induced by S. flexneri
6 OAg based vaccines. In the current literature the role of O-acetylation, mainly investigated for S.
flexneri 2a OAg, is not fully clear102, 115, 211. Indeed, O-acetylation on RhaIII of S. flexneri 2a OAg is
the likely reason for the antibody cross-reactivity observed against serotype 6 following 2a conjugate
vaccination in humans212. OAc on RhaIII is also present on Shigella serotypes 1a1, 1b, 5a1, Y1, and
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7a1213 which may offer broader S. flexneri coverage. Recently, microsecond molecular dynamics
simulations applied to S. flexneri OAg

214

confirmed that OAc substitutions can cause OAg

conformational modifications and result in different immunogenicity and cross-reactivity.
GMMA offer the possibility to easily generate OAg with different structural characteristics, e.g. Oacetylation, through genetic engineering. The deletion of specific enzymes, O-acetyltransferases, can
be used to produce GMMA with OAg having different O-acetylation patterns and further investigate
the role that O-acetylation can have on immunogenicity and cross-reactivity induced by Shigella OAg
based vaccines.
Another important aim of my PhD project was the development of analytical methods for the
complete GMMA characterization with particular attention to the OAg component. GMMA are
complex systems, but a large panel of analytical methods have been developed to allow their full
characterization126,

176

. Many of these methods are generic and can be applied to GMMA from

different pathogens, as it was verified by working with S. flexneri 6 GMMA. OAg quantification is
instead more pathogen specific, because it is related to the specific OAg structure. OAg amount is
one of the critical quality attributes of Shigella OAg-based vaccines. In this study, an improved
method for S. sonnei OAg quantification, more sensitive and specific compared to the methods
previously used, was developed. Work is still on going to develop a method for S. flexneri 6 OAg
quantification, testing the Dische colorimetric method in comparison to a method based on acid
hydrolysis followed by HPAEC-PAD.
Overall, the results obtained during my PhD project demonstrated that GMMA represents a promising
strategy for the development of a vaccine against Shigella, and that it is particularly attractive for
LMICs, where high cost of manufacture can be an obstacle to vaccine implementation. The work has
also contributed to understand which parameters are critical for the design, release and stability of a
Shigella GMMA based vaccine, supporting the development of a multi-component vaccine candidate
against this pathogen.
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