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ABSTRACT  
Shigella species is a major cause of bacterial diarrheal mortalities and morbidities worldwide and 

second in Kenya, especially in children under five years. Antibiotics are needed in treatment of 

shigellosis however, increasing resistance necessitates other control measures such as Shigella 

vaccine but none has widely been approved. An immunogenic novel monovalent and multivalent 

bioconjugate vaccine (linking Shigella O-antigen (LPS) to Exoprotein A of Pseudomonas 

aeruginosa) against the four major Shigella serotypes responsible for 80% global morbidity; S. 

flexneri (Sf) 2a, 3a, 6 and S. sonnei is in development. The monovalent and quadrivalent 

bioconjugate vaccine constructs have been evaluated for immunogenicity in rabbit models and is 

planned for clinical trial in Kenya. Therefore, it is necessary to further understand the antibody 

response (reactivity and functionality (BA)) from the monovalent and quadrivalent (adjuvanted 

4V-adj) and without an adjuvant (4V) Shigella bioconjugate vaccinated rabbit serum against 

Shigella isolates from Kenya. This retrospective laboratory-based study, nested within an 

ongoing parent diarrheal surveillance protocol in Kenya since 2009, was conducted to test the 

immunized rabbit serum against 129 archived Shigella strains from Kenyan. Specifically, this 

study assesses the specific reactivity of serum antibodies against the four major Shigella 

serotypes targeted; cross reactivity of the serum antibodies against Shigella serotypes (Sf 1b, 2b, 

4a, 4b,  Shigella spp, S. dysenteriae and S. boydii) not targeted by the formulation  and the BA of 

the serum antibodies against a subset of reactive Shigella isolates. The 129 isolates were 

serotyped and screened for retention of the virulence factor O-antigen LPS by plating on Congo 

red (CR) culture plate. The specific and cross reactivity of the immunized rabbit serum to the 

virulent Shigella isolates was determined by colony blot assay. The BA of the serum antibodies 

against reactive Shigella isolates was assessed by a serum bactericidal assay (SBA) and analyzed 

using Nist Integrated Colony Enumerator and Opsititre software. Of the 129 Shigella isolates, 

109 (85%) retained their virulence; 67 serotypes were targeted by the vaccine while 42 were not-

targeted serotypes. From the virulent isolates, a subset of 22 isolates targeted by vaccine Sf 2a 

(4), 3a (10), 6 (4), S. sonnei form I (4) and 19 isolates not targeted by the vaccine Sf 1b (5), 2b 

(5), 4a (2), 4b (3), S boydii (2) and S. dysenteriae (3) were assessed for reactivity. Specific 

reactivity Serum from rabbits immunized with the 4V-Adj and the respective monovalent 

vaccines against the 22 target serotypes had 100% specific reactivity. The serum from 4V-Adj 

vaccinated rabbits cross-reacted with Sf 2b (75%), Sf 4a (100%), one Sf 1b (25%) and Sf 4b 

(33%). Serum from rabbits immunized with the Sf 2a monovalent vaccine cross-reacted with 

Shigella serotypes; one Sf 3a and three Sf 2b, while the Sf 3a monovalent serum cross-reacted 

with one Sf 2a.  The surviving colonies were enumerated using excel based Nist Integrated 

Colony Counter and analyzed using the Opsititre software and presented in tables. There was ≥4-

fold increase in BA between the pre and post vaccine rabbit sera with all the Shigella serotypes 

tested except one cross-reactive Sf 3a indicative that, the rabbit’s serum antibodies had 

functional activity. Collectively, these results demonstrate that the monovalent/ quadrivalent 

bioconjugate Shigella vaccine may be more broadly protective than designed offering a 

promising solution to reduced morbidity and mortalities associated with Shigella spp. These 

results strengthen the vaccine development strategies and lay a solid foundational basis for 

Shigella bioconjugate vaccine human challenge studies here in Kenya. 
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CHAPTER ONE 

INTRODUCTION 

1.1.  Background Information 

The genus Shigella are Gram-negative bacteria from the family Enterobacteriaceae (Christabel, 

2012). Shigella spp are a major cause of bacterial diarrhea worldwide, accounting for 

approximately 165-190 million cases and 1.1 million deaths per year,  mainly in developing 

countries and disproportionately in children (Azmi et al., 2014; Nüesch-Inderbinen et al., 2016; 

C. Yang et al., 2016). There are four species and several subtypes of Shigella: S. sonnei, S. 

boydii, S. flexneri and S. dysenteriae with over 50 serotypes except for S. sonnei that has only 

one serotype(Ghosh et al., 2014; Livio et al., 2014; Torraca et al., 2020). The species differ in 

geographic distribution and antimicrobial susceptibility (Ghosh et al., 2014). Shigella sonnei is 

encountered mostly in industrialized countries and S. flexneri in developing countries (Azmi et 

al., 2014; Jeong et al., 2011). The most predominant isolate in Kenya is S. flexneri followed by 

S. sonnei (Patricia B. Pavlinac et al., 2014; Swierczewski et al., 2013). Diarrheal surveillance 

studies in Kenya show that Shigella spp were the second leading bacterial cause of diarrhea in 

both children and adults at healthcare facilities in Kericho, Kisii, Kisumu, Homa Bay and Migori 

counties (Kotloff et al., 2012; P. B. Pavlinac et al., 2016; Swierczewski et al., 2013). The 

serotypes of S.flexneri previously identified one of the sites from the GEMs study in Kenya 

include, S. flexneri 1b, 2a, 3a, 4a, 6 and 7a (Livio et al., 2014).  

The clinical manifestation of the infection is Shigellosis which is characterized by profuse 

diarrhea with or without blood and gastrointestinal disease. Shigellosis leads to morbidity and 

mortality in both children and adults (Shimanovich et al., 2017).  Shigellosis is not easily 

diagnosed by conventional culture methods due to the fastidious nature of the Shigella isolate. 
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Therefore, empirical treatment with effective antibiotics is recommended to reduce the duration 

of illness, risk of complications and transmission of the disease (Humphries & Linscott, 2015; 

Nüesch-Inderbinen et al., 2016). However, selective pressure created by use and misuse of 

antibiotics has been identified as a major factor contributing to increased antimicrobial resistance 

in bacteria which is a significant public health problem worldwide (Aggarwal, 2016). In Kenya, 

as most diarrheal infections are treated empirically, there is increased usage of β-lactams and 

quinolones in the treatment of shigellosis (Sang et al., 2012), resulting  in increased resistance. 

Moreover, antibiotic susceptibility of Shigella spp. is reported to be dynamic and varies 

geographically with time and the resistance antibiotics are not recommended as empirical 

treatment for shigellosis (Kotloff et al., 2012). In Kenya, 80-100 % of Shigella isolates were 

found to be resistant to tetracycline, ampicillin, trimethoprime/sulfamethoxazole and there  

emerging resistance to quinolones such as ciprofloxacin (Kotloff et al., 2012; P. B. Pavlinac et 

al., 2016; Swierczewski et al., 2013; WHO, 2020).  The increasing resistance of Shigella spp. to 

various antibiotics used in its treatment exacerbates management and control emphasizing the 

need for more effective preventive measures to morbidity and mortalities associated with 

shigellosis infections (Kazi et al., 2015; Leski et al., 2013).  

Shigella spp are highly invasive gastrointestinal (GI) pathogens with a low infective dose of 10-

100 bacilli (Hale & Keusch, 1996; Kazi et al., 2015). The pathogenesis of Shigella spp involves 

a combination of plasmid and, in some serotypes, chromosomally encoded virulence factors, 

secreted proteins and bacterial LPS leading to Shigella infection as well as serotype-specific 

immunity. Additionally, immune evasion mechanisms due to bacterial cell secreted effectors 

such as VirG protein facilitate spread of the bacteria from cell to cell leading to profuse diarrhea 

and establishment of the infection (Mattock & Blocker, 2017; Schroeder & Hilbi, 2008). The 
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chromosomal virulence factors located on a Pathogenicity Island encoding proteins such as SHI-

1 aids in the production of enterotoxin and intestinal colonization, SHI-2 and -3  involved in 

iron-siderophore complexes and host inflammatory response, SHI-O in modification of O-

antigen and serotype conversion and Stx-phage P27 that produces shiga toxin also play a role in 

Shigella pathogenesis (Mattock & Blocker, 2017). Plasmid-encoded virulence factors including 

type III secretion system (T3SS) apparatus encoded within the macromolecule needle-like 

structure (IpaB, IpaC and IpaD) form part of the Shigella antigenic structures that lead to 

colonization and disease (Ashida et al., 2015). The LPS, is a major cell surface component that 

causes non-specific pathophysiological reaction and acute inflammatory effects observed during 

Shigellosis (Cruz et al., 2014; The et al., 2016). 

The O-antigen of the LPS aids the  Shigella bacterium to evade destruction by the host response 

and in complement-mediated lysis resulting in bacterial cell death (Kim et al., 2016). The 

Shigella LPS plays a vital role in host resistance to non-specific defense encountered during 

tissue invasion leading to multiplication and escape from phagocytosis of the cells by tissue 

macrophages (Cruz et al., 2014; Killackey et al., 2016). Additionally, the antigenic variability of 

the O-antigen on the LPS is the basis for grouping and sub-typing of Shigella spp (Livio et al., 

2014; Noriega et al., 1999). Shigella overcomes the innate immune response leading to 

activation of the adaptive antibody and cell mediated immune responses. The memory B and T 

cell responses  provide short lived serotype-specific immunity against Shigella re-infections 

(Kim et al., 2016; Koestler et al., 2019). The serotype-specific antibody immune responses are 

therefore the foundational basis for serotype specific monovalent and multivalent Shigella 

vaccine formulations in development. The key roles of the Ipa and LPS virulence factors in 

Shigella pathogenesis combined with being exposed on the bacterial surface makes them 
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attractive vaccine targets (Mani et al., 2016; Mattock & Blocker, 2017).  However, the potential 

for a globally effective vaccine depends on the ongoing characterization and understanding of 

the specificity or cross reactivity of the vaccine induced antibodies against Shigella spp serotypes 

(WHO, 2020). To determine the utility of these vaccines in LMICs, such as Kenya, there is need 

to further investigate anti O-antigen LPS serum antibodies against a range of Shigella sub-types 

from Kenya.  

Although no vaccine has been widely approved or licensed, milestones have been achieved in the 

current Shigella conjugate vaccine development strategies(Levine et al., 2007; Mattock & 

Blocker, 2017; Passwell et al., 2010; Turbyfill et al., 2018). Some Shigella vaccines with 

successful pre-clinical studies include the artificial Invaplex (containing IpaB, C, LPS and other 

proteins) in phase 1 trial, the live attenuated WRSs2 mutant (VirG deletion) advanced to clinical 

development and a live Shigella vaccine (deletion of guaBA, sen and set genes) in a phase 1 

study (Turbyfill et al., 2018; WHO, 2020). Building on previous successes achieved with 

Shigella conjugate vaccines, a polysaccharide-bioconjugate approach such as with Flexyn2a 

developed by LimmaTech Biologics (LMTB) has been shown to be safe, cost effective, highly 

immunogenic and tolerable (even among infants) vaccine (Riddle et al., 2016). The bioconjugate 

vaccine formulation consist of Shigella serotype-specific O-antigens (of LPS) bio-conjugated to 

a protein carrier, Pseudomonas aeruginosa Exoprotein A (Chen & Kotloff, 2016; Riddle et al., 

2016). Transitioning the vaccine formulation from a single valency to multi-valency is required 

to induce immunity against the four major Shigella serotypes responsible for approximately 89% 

of global morbidity (Chen & Kotloff, 2016; Riddle et al., 2016; Turbyfill et al., 2018; WHO, 

2020), specifically S. flexneri 2a, 3a, 6 and S. sonnei and possibly other serotypes as 

recommended by WHO (WHO, 2020).  
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Finding suitable shigellosis models for use in evaluating various Shigella vaccines remains a 

major challenge. Animal models currently being used include rabbits, guinea pigs, mice, non-

human primates’ such as rhesus macaques, chicks, and piglets. Non-human primates’ rhesus 

macaques models are expensive and have very stringent regulatory and ethical requirements for 

pre-clinical vaccine trials (Oaks et al., 1996). Rabbits and guinea pigs are commonly used for 

vaccine testing as they have less ethical constraints and induce reactivity close to that expected in 

humans (Marteyn, 2016). Recently, a series of experiments have been conducted in Switzerland 

using guinea pigs and rabbits to evaluate the immunogenicity of Shigella O-antigen based 

bioconjugate vaccines, comparing monovalent and multivalent/ quadrivalent (4V) formulations, 

administered intramuscularly alone, or in combination with an adjuvant. The quadrivalent 

vaccine (Shigella4V) by LMTB is currently in a phase 1/2a safety and dose finding clinical trial 

in Kenya. What is still unclear is the breadth of the reactivity of the serum collected after 

immunization of rabbits with Shigella serotypes (targeted and not targeted by the vaccine 

formulation) from Kenya. To assess this gap, a series of ELISA colony spot blot experiments 

against, a representative subset of confirmed Shigella isolates from Kenya targeted by the 

vaccine as well as serotypes not targeted by the vaccine formulation was accomplished.  

Additionally, much needed information on the functionality (bactericidal activity) of the post 

LMTB quadrivalent bioconjugate vaccine serum by activation of the classical complement 

pathway resulting in bacterial death is yet to be available. However, serum from subjects 

immunized with Flexyn2a did have bactericidal activity against S. flexneri 2a, 2457T (Riddle et 

al., 2016).  In-vitro experimental studies done in 2016 by Lin et al., and Kim et al., showed that 

successful Serum Bactericidal Assay (SBA) was capable of demonstrating functional capabilities 

of the antibodies to confer bactericidal activities within detectable protective levels (Kim et al., 
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2016). The automated enumeration method NIST’s integrated colony enumeration (NICE, 

Mathworks, Natick, MA) has proven to achieve a higher throughput compared to manual/ 

conventional colony counting systems (Kim et al., 2016). The SBA was used for testing the 

bactericidal activity of the rabbit serum with the subset of reactive Shigella serotypes. NICE 

software was used for enumeration of surviving bacterial colonies (Azmi et al., 2014a) for the 

determination of the bactericidal activities of immunized rabbit sera against control strains and 

clinical Shigella isolates from Kenya.  

1.2. Statement of the Problem  

Shigella has been listed as a category B agent of bioterrorism by the Centers for Disease Control 

and Prevention. Shigella spp have been reported as the second leading bacteria causing diarrheal 

morbidities and mortalities in both children and adults in Kenya. Although shigellosis results in 

major life-long complications including, stunted physical and cognitive growth in children, toxic 

megacolon, haemolytic uremic syndrome, arthritis as well as irritable bowel syndrome/ disease, 

these symptoms are often not associated with the infection. The increasing antimicrobial 

resistance together with inadequate public health preventive and control measures in Kenya 

further exacerbate the management of the disease. 

The severity of shigellosis and acquired immunological response specific to Shigella infection 

varies with the serotype and geographical region which complicated the vaccine development 

strategies. The O-antigen of the LPS has been key for seroepidemiologic data and is a candidate 

for Shigella vaccine development with measurable immunologic response and protection against 

Shigella infection in animal models (rabbits & guinea pigs) and human volunteers. In the recent 

past, a novel Shigella bioconjugate vaccine has been developed in monovalent and multivalent 

constructs. Impressive immunogenic response has been shown from phase1/ 2a and 2b human 
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vaccine studies with the bioconjugate monovalent S.flexneri 2a (Flexyn2a) vaccine and provided 

a basis for the development of a quadrivalent construct targeting the four important Shigella 

serotypes. However, no study has investigated the specificity/ cross reactivity of vaccine induced 

serum and the associated functionality against Shigella strains from Kenya a target population 

for the safety and immunogenicity testing. Additionally and following success with the safety 

and dose finding, the possible next steps in the vaccine trial will be efficacy testing which forms 

the basis for the functionality test in this study for both targeted and not targeted by the vaccine 

formulation.   

1.3 General Objective 

To investigate the reactivity and functionality of serum antibodies from monovalent and 

quadrivalent (4V and 4V-Adj) Shigella bioconjugate vaccinated rabbit against Shigella isolates 

from Kenya. 

1.3.1 Specific Objectives 

i. To assess the specific and cross reactivity of monovalent and quadrivalent (4V and 4V-

Adj) Shigella bioconjugate vaccinated rabbit serum antibodies against the Sf 2a, 3a, 6, S. 

sonnei and other (Sf 1a & b, 2b, 4a & b, 5a, 3b, Shigella spp, S. dysenteriae & S. boydii) 

serotypes from Kenya. 

ii. To assess the bactericidal activity of the monovalent and quadrivalent (4V and 4V-Adj) 

Shigella bioconjugate vaccine serum antibodies against a subset of the targeted and non-

targeted reactive Shigella isolates.  

1.3.2 Research Questions  

i. How do the serum antibodies from Shigella bioconjugate vaccinated rabbits react 

specifically and broadly with the Shigella strains tested? 
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ii. What is the breath of the bactericidal activity of the serum antibodies from monovalent 

and 4V and 4V-Adj bioconjugate vaccinated rabbits against the reactive Shigella strains 

tested? 

1.4 Significance of the study 

This study results demonstrates the following; 

i. The ability of induced antibodies from Shigella bioconjugate vaccinated rabbits to bind 

to Shigella serotype bacterial cells (specific and cross reactivity by colony blot assay). 

This implies that the vaccine under development can be able form an specific antigen 

antibody complex thus preventing bacteria from further invasion of the host leading to 

shortened pathogenesis.  

ii. The functionality capabilities of the antibodies (Bactericidal activity by SBA) by in vitro 

activation of complement system leading to bacterial death.  This activity mimics the in 

vivo complement activity indicative that the vaccine construct would therefore be able to 

not only bind but cause bacterial killing leading to elimination of the Shigella bacteria, 

preventing disease progression and reducing mortality/ morbidity.  

• Collectively, these results add more knowledge therefore strengthen the vaccine 

development strategies and also forms a foundational basis for prospective future 

bioconjugate candidate vaccine challenge studies with the Kenyan population.  

 

 

 

 

 



 

9 
 

CHAPTER TWO 

LITERATURE REVIEW 

2.1 Shigella Biology  

Shigellosis is caused by water-borne Gram negative bacteria of the Enterobacteriaceae family 

the genus Shigella (S) that, invade and colonize the human GI system leading to watery or 

bloody diarrhea depending on the species implicated (Azmi et al., 2014; H. N. Njuguna et al., 

2013). The four species of Shigella and their serovars are grouped into, S. dysenteriae (Group 

A), S.flexneri (Group B), S. boydii (Group C), and S. sonnei (Group D). These are further 

characterized by O-antigen or biochemically to approximately 50 serotypes (Azmi et al., 2014). 

Identification of Shigella spp is mainly via stool culture with serotyping of the isolates to subtype 

level using antisera and molecular methods though this is limited to genus and species level only 

(WHO, 2020). Diarrheal infection due to Shigella spp presents with loose stools with or without 

blood depending on the causative species, severe abdominal pain, nausea, vomiting, fever, 

headache, loss of appetite and long term complications such as, toxic megacolon, arthritis, 

irritable bowel syndrome/ disease and stunted growth in children (Mattock & Blocker, 2017). 

2.2 Transmission and Epidemiology of Shigella Infection 

Shigella infection can be transmitted through ingestion of as low as 10-100 bacteria in water and 

food contaminated with feces mostly in developing countries as well as directly from person to 

person in more developed countries such as United States of America (USA) (Torraca et al., 

2020). Human beings are the main reservoirs of Shigella spp and the transmission routes that 

lead to infection include, oral fecal route, sexually transmitted diseases, bacteremia but 

especially shigellosis and surgical procedures along the GI. Infections due to Shigella vary with 

seasons (though not fixed) and between regions worldwide with more endemic disease in 
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developing countries while occurring more  as outbreaks in developed countries (Taneja & 

Mewara, 2016).  

This highly invasive bacterium causes millions of deaths worldwide. Studies (Christabel, 2012; 

Kotloff et al., 2012) suggest that the majority of those affected are children especially in 

developing countries in Africa such as Kenya and Asia as well as in adults across the globe. 

Although rare, some studies have reported Shigella infections outside the gastrointestinal tract  as 

a causative agent of blood stream infection, meningitis (Endris et al., 2013), abscess and sexually 

transmitted infection in men having sex with men (WHO, 2020). The most common species 

causing shigellosis globally and in Kenya are S. flexneri and S. sonnei (Figure 2.1) with a few S. 

dysenteriae and S. boydii (Livio et al., 2014; Torraca et al., 2020).   

 

 

 

 

 

 

 

 

 

 

A review of shigellosis and serotypes in Africa indicate that the serotypes differ across countries 

with Shigella flexneri isolated in most sub-Saharan Africa, Ethiopia, Kenya and Ghana. In 

Kenya, the incidence of shigellosis is largely under estimated due to syndromic treatment and 

S. sonnei > S. flexneri 

S. flexneri > S. sonnei 

Figure 2.1.: Global epidemiology of most prevalent Shigella species and 

their antimicrobial resistance (Torraca et al., 2020) 
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management (Pavlinac et al., 2014). However, Shigella has been reported as the first or second 

leading cause of diarrheal in Nairobi, and western regions (Kisii, Kericho, Kisumu) respectively 

accounting for 4-12% shigellosis and has certain seasonal variation (C. Njuguna et al., 2016; P. 

B. Pavlinac et al., 2016; Shah et al., 2016). The most common Shigella spp identified in Kericho, 

Kisumu and Kisii are S. flexneri and S. sonnei with a few S. dysenteriae and S. boydii (Livio et 

al., 2014; P. B. Pavlinac et al., 2016; Swierczewski et al., 2013). The reported associated 

mortalities and morbidities to shigellosis was mostly with other Shigella species other than S. 

dysenteriae (Tickell et al., 2017). Unlike in other countries, in Kenya, Shigella infection has only 

been reported from fecal, water, soil and raw vegetables samples (Christabel, 2012; Kotloff et 

al., 2012). 

2.3 Treatment for Shigellosis and Antibiotic Resistance 

Although shigellosis can be a self-limiting infection, antibiotics are necessary for treatment and 

management of the severe infection. Treatment of shigellosis depends on the species being 

queried or isolated as causative agent of the diarrheal disease and is largely influenced by the 

innate and inter-species distribution of resistant genes (Torraca et al., 2020; WHO, 2020). Most 

often, shigellosis cases are managed by empherical treated (P. B. Pavlinac et al., 2016).  

Increase in resistance to commonly used antibiotics such as ampicillin, trimethoprime-

sulfamethoxazole, tetracycline, (Swierczewski et al., 2013) nalidixic acid and azithromycin 

(Nüesch-Inderbinen et al., 2016) raises major concern on the available but limited treatment 

options (WHO, 2020). The increased resistant bacteria may be due to selective pressure of 

antibiotics associated with over prescription from empirical treatment, over the counter self-

medication or use of some of the drugs as prophylaxis in Kenya and many parts of the world 

(Aggarwal et al., 2016; Torraca et al., 2020). Although there are reported resistance on 
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ciprofloxacin, it still remains the current recommendation for shigellosis treatment by the WHO 

and the Kenya ministry of health (Rhee et al., 2019; WHO, 2020).  

2.4 Mechanisms of Virulence and Immunological Response by Shigella spp 

The pathogenesis of the highly invasive Shigella spp leading to severe disease is attributed to the 

virulence factors which are either chromosomally- or plasmid-encoded. The virulence invasive 

plasmid antigens or Ipa proteins (IpaB, IpaC and IpaD) are located at the tip of T3SS protein 

complex and facilitate bacterial entry into the host cells (F. Yang et al., 2005a). Individual 

Shigella isolates may harbor more than one detectable virulence genes and or toxins including, 

IpaH present as multiple copies e.g.  Shigella enterotoxin (ShET) 1 and 2, Shiga toxin 1 and 2 

expressed in S. flexneri 2a and S. dysenteriae respectively (Farshad et al., 2006). Although Ipa 

virulence genes were identified in 100% of Shigella isolates from pediatric diarrheal stool in 

Brazil and Iraq they were missing or deleted in environmental samples from Bangladesh (Cruz et 

al., 2014; Farshad et al., 2006). These virulence factors result in secretion of cytokines by the 

host cells which leads to inflammation in the colonic epithelium, enterotoxic effects to the colon, 

establishment of a replicative niche leading to destruction of the epithelial cells. Eventually,  

effectors for down-regulation of inflammation and production of innate immune response are 

elicited (Mattock & Blocker, 2017). 

The plasmid encoded virulence protein VirG (IcsA) is present in all virulent Shigella isolates and 

facilitates the intercellular spread of Shigella into the host epithelial cells enhancing further 

invasion and cell to cell spread by actin-based motility (Mattock & Blocker, 2017). Another 

virulent factor, LPS, is the serotype determinant, based on the structure of the O-polysaccharide 

and therefore differs with each serotype.  LPS has also been implicated in differentiating 

between virulent or avirulent strains within a serotype. For example, the S. sonnei phase/form I 
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and II differ in that S. sonnei I are able to retain the pINV gene (T3SS and O-antigen) making it 

the more virulent prototype while S. sonnei II have lost the pINV gene and are  avirulent (Kim et 

al., 2016; Torraca et al., 2020).  

In shigellosis, host re-infection may occur leading to sero-conversion and production of anti-LPS 

antibodies (IgG & IgA) against serotype specific Shigella strains thus activating a short lived 

adaptive immune response (Chen & Kotloff, 2016). A study done among Israeli soldiers 

(Shimanovich et al., 2017) indicate that these immunoglobulin’s have been found in both 

symptomatic and asymptomatic subjects but at higher level in asymptomatic individuals during 

outbreaks. The antibodies produced may also facilitate phagocytosis by the 

macrophages(Faruque et al., 2002) however, studies of this nature have not been performed in 

Kenya to assess the bactericidal activity of serum antibodies against Shigella bacteria isolated 

from Kenyans.  

2.5 Vaccine Development Strategies  

The efforts towards developing a Shigella vaccine have been challenging due to the diversity of 

Shigella serotypes, target genes, mode of and models for evaluation of candidates. Summarized 

in Table 2.1 below are some of the vaccines and the stages in their development (Marteyn, 2016; 

WHO, 2020). A majority of the Shigella vaccines are still in clinical trials and are yet to be 

approved. The current formulations are geared towards more immunogenic but tolerable vaccine 

especially in children and affordable candidates for the LMIC (WHO, 2020). As seen in Table 

2.1, these vaccines have been developed in high income countries, most of which have gone 

through several pre-clinical trials, initial phase 1 human trial and have been approved for phase 

1b or 2 and 3 clinical trials. Following the pre-clinical and initial human trials, some of the 

vaccine constructs such as Shigella4V are currently being tested or planned for testing in Kenya 
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which is one of the LMIC in sub-Saharan Africa where shigellosis is endemic. The population in 

Kenya region would benefit from the vaccine once approved. 
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Table 2.1.: Vaccine pipelines and stages in development 

Candidate name/identifier platform Developer Pre-

clinical 

Phase 

I 

Phase 

II 

Phase 

III 

Cellular candidates guaBA-based live attenuated (CVD 1208, 

CVD 1208S)] Mutations in the guaBA operon (genes involved in 

guanine biosynthesis) leading to a guanine auxotroph and 

decrease in virulence. Further iterations included deletions of 

enterotoxin genes. 

CVD at the University 

of Maryland School of 

Medicine, Baltimore, 

Maryland USA 
 

X 
  

VirG-based live attenuated (WRSS1, WRSs3, WRSf3) Primary 

attenuation by a 212bp deletion in the virG gene preventing 

intracellular spreading. Further iterations included deletions of 

enterotoxin genes and lipid A genes. 

WRAIR, Silver Spring, 

Maryland USA 

  
X 

 

ShigETEC Live, genetically attenuated Shigella vaccine strain 

that is amenable for the heterologous expression of diarrheal 

antigens and therefore can provide protective immunity against 

multiple pathogens 

EveliQure 

Biotechnologies 

GmbH, Vienna, Austria 
X 

   

Truncated Shigella, Mutant Shigella bacteria in which the gene 

encoding of O-antigen polymerase is disrupted 

International Vaccine 

Institute, Seoul, Korea X 
   

Ty21a typhoid vaccine expressing Shigella LPS Salmonella 

typhi Ty21a construct comprising a Shigella sonnei O-antigen 

biosynthetic gene region 

Protein Potential LLC, 

Rockville, Maryland 

USA 
X 

   

Inactivated trivalent Shigella whole cell Formalin inactivated 

Shigella whole cells 

PATH, Washington DC 

and WRAIR, Silver 

Spring, Maryland USA  
X 

  

Heat Killed Multi Serotype Shigella (HKMS) vaccine Heat 

killed preparation of 6 strains of Shigella that were subsequently 

combined to form an inactivated vaccine 

NICED, Kolkata, India 

X 
   

Glycoconjugate candidates Chemically prepared 

glycoconjugate O polysaccharide covalently linked to carrier 

protein 

LDMI at the NICHHD, 

NIH, Bethesda, 

Maryland USA    
X 
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Recombinant glycoconjugate O polysaccharide specific 

bioconjugate vaccine 

Limmatech Biologics 

(LMTB) AG Schlieren, 

Switzerland   
X 

 

Synthetic glycoconjugate use of synthetic oligosaccharides 

(OSs), acting as efficient functional SF2a O-SP mimics, as the 

haptens for a conjugate vaccine 

Institute Pasteur, Paris, 

France X 
   

Novel antigen candidates InvaplexAR 2nd generation 

macromolecular complex composed of Shigella LPS and the Type 

3 secretions system proteins (IpaB, IpaC, and IpaD) 

WRAIR, Silver Spring, 

Maryland USA X 
   

GMMA Genetically derived outer membrane particles comprised 

of predicted Shigella outer membrane and periplasmic proteins 

without LPS using a novel protein vesicle technology 

Sclavo Behring 

Vaccines Institute 

for Global Health S.r.l   

[A GSK company], 

Sienna, Italy 

 
X 

  

OMV Shigella outer membrane vesicles encapsulated in 

nanoparticles 

University of Navarra, 

Spain X 
   

Subunit candidates DB Fusion 

Fusion protein of two Type III secretion system antigens, invasion 

plasmid antigens B (IpaB) and invasion plasmid antigen D (IpaD) 

PATH, Washington, 

DC X 

   

34 kDa OmpA 
Conserved and cross reactive major outer membrane 

protein (MOMP) of Shigella flexneri 2a 

NICED, Kolkata, India 

X 
   

Flexyn2a   Shigella flexneri 2a O-Ag bioconjugate vaccine LMTB, AG Schlieren, 

Switzerland   
X 

 

Shigella4V Shigella flexneri 2a, 3a, 6 and S. sonnei O-Ag 

bioconjugate vaccine 

LMTB, AG Schlieren, 

Switzerland  
X 

 

Highlighted grey is the vaccine construct under study. Data adopted from Marteyn et al., and WHO with slight modification (Marteyn, 

2016; WHO, 2020). 
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2.6 Models for Evaluation of Shigella Vaccines 

Assessment of Shigella vaccine candidates has been hampered by the lack of an ideal animal 

model for shigellosis. Several models have been utilized for the different vaccine candidates 

under development (Kim et al., 2016). Use of each model depends on the availability, ability to 

induce immune response that mimics the human immune response, ethical consideration, life 

span as well as expected reaction (Heine et al., 2014). Models such as non-human primate rhesus 

macaques, young domestic pigs, rabbits, mice/ mouse, guinea pigs and even young chicken 

(Marteyn, 2016) have been used. Of these models, the rhesus macaques mimics the Shigella 

human infection best however, there are very stringent ethical restriction in use of this animal 

model. The piglets have varied colonic destruction and guinea pigs are not efficiently infected so 

they are not widely used.  Mice, although widely used, lack the IL-8 cytokine which is key in 

Shigella invasion. Rabbits have been widely used due to their robust immunological response 

following challenge with Shigella bioconjugate vaccine (regardless of the route of 

administration) though the ileum is the typical site of infection(Marteyn, 2016).  

Several animal and human models have since been utilized in efforts to develop multi-serotype 

vaccines for appropriate interventions in endemic regions.  Both infant and adult mice have been 

used to test several vaccines that are being developed against IpaB, IpaD, LPS and other 

virulence factors (Brotcke Zumsteg et al., 2014). 

2.7 Current Vaccine Development Outcomes 

The need for Shigella vaccine development was highlighted in the nineties when US soldiers 

deployed during the desert shield/ storm operations in Iraq and Chilean children developed 

diarrhea. When the deployed soldiers and Chilean children were studied, serotype specific anti-

Shigella LPS and Ipa IgA and IgG antibodies were detected from 10-100% serum of Shigella 
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infected adults and children with 5.5% and 14% exhibiting IgA and IgG Shigella LPS 

seroconversion (Hyams et al., 1995).  

Recent developments from two studies in the US (Kim et al., 2016; Riddle et al., 2016) indicate 

that a Shigella vaccine targeting the O-antigen of the four major Shigella serotypes (S. flexneri 

and S. sonnei) bio-conjugated to a protein carrier rEPA has been shown to be immunogenic. 

Furthermore, addition of an adjuvant increased the efficacy of the vaccine. Additionally, this 

bioconjugate vaccine has been tolerable among children under three years, which was a major 

unresolved challenge with other vaccine constructs (WHO, 2020). The phase 1/2a age 

descending bioconjugate vaccine trial is currently underway in Kenya. However, no vaccine has 

been widely approved hence the need for further investigation of the breath of host 

immunological response and the ability of the antibodies to confer broad protection against 

Shigella spp. serotypes (Levine et al., 2007; Mattock & Blocker, 2017). To this regard, it is 

imperative to evaluate the pre-clinical bioconjugate vaccinated rabbit serum against Shigella 

isolates from Kenya and in future the human serum from the ongoing Shigella4V clinical trial 

pending proof of concept in CHIM study.  
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1.  Study Area 

This retrospective laboratory-based study was conducted at the Microbiology Hub Kericho 

(MHK) located in Kericho (latitude: 0°22'2.3"S and longitude: 35°16'52.72"E), Kenya. The 

MHK has been conducting a study ―surveillance of enteric pathogens causing diarrheal illnesses 

in Kenya‖ (protocol number SERU/SSC#1549/ WRAIR#1549) since 2009. Stool specimens 

from different geographical regions in Kenya are collected from humans, bacteria isolated 

including Shigella spp, identified to genus/species and stored for future testing. The Shigella 

isolates included in this study were from, Kericho, Kisumu, Kisii county and Kombewa sub-

county hospitals. The LMTB and the Walter Reed Institute of Research (WRAIR), Department 

of Diarrheal Disease Research, bacterial diseases branch, Subunit Enteric Vaccines and 

Immunology (SEVI), in Maryland, USA has been conducting Shigella vaccine development 

studies using human and animal challenge models (including, rabbits, guinea pigs and mice). The 

most recent study evaluated the immunogenicity of the novel monovalent & 4V/4V-Adj O-

antigen based bioconjugate vaccine using rabbit (New Zealand white) and guinea pig models. 

The four groups of Shigella isolates from Kenyan population archived at MHK and the rabbit 

serum before and after vaccination were appropriate for the reactivity and bactericidal activity 

assessed in this study. 

3.2. Study Population: Shigella strains, serum samples and complement  

This study used 134 archived Shigella strains that had been collected in a parent protocol from 

patients with diarrheal illnesses from different hospitals in Kenya, as described in section 3.1. 

The pooled serum samples from bioconjugate vaccine immunized rabbits used in the study were 
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obtained from LMTB, the vaccine manufacturer through WRAIR. Additionally Shigella positive 

control strains (S. flexneri 2a, 2457T, S. flexneri 3a, J17B, S flexneri 6, CCH060 and S. sonnei, 

Moseley) and Baby rabbit complement (BRC) (native and heat inactivated) were obtained from 

WRAIR. A Congo red negative Shigella spp isolate, K-Sspp-071 from MHK Biobank was used 

as negative control. 

3.3. Sample Size Determination 

 

i. Shigella Isolates From Stool Samples 

The total number of different genus of bacterial isolates from stool samples in MHK biobank 

from the parent protocol was 425, out of which 134 were Shigella isolates. The Shigella samples 

for this study were purposively selected for this study. From the 134 Shigella spp selected, 5 did 

not grow on revival and therefore 129 were used for downstream analysis in this study. These 

isolates were assigned new codes containing the study, country, sequential numbers and the 

serotype (i.e SBA-K-Sf6-001) for this study.  

ii. Serum Samples From vaccinated Rabbits 

The rabbits were intra-muscularly immunized with either 1 µg monovalent or quadrivalent 

(combination of 1 µg each monovalent with and without adjuvant (alum)) bioconjugate vaccine 

on day, 14 and 28. Bleeding of the rabbits was done on day 0 (pre) before immunization and on 

day 42 (post III). Pools were prepared in order to obtain adequate amounts of the serum from 

each set of bioconjugate vaccinated rabbits then tested by ELISA and remainder stored for future 

testing. For this study, an aliquot of each monovalent and quadrivalent for a total of 12 Table 

3.1pooled rabbit serum samples were shipped to MHK and analyzed against archived Shigella 

isolates from the aforementioned diarrheal study utilizing the colony spot blot and SBA.  
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Table 3.1. List of pooled pre and post III rabbit serum samples  

Serum samples from Rabbits used in the study  

1 LMTB17_003_4V_pre 7 LMTB17_003_4V_Post III  

2 LMTB17_003_4Vadj_pre  8 LMTB17_003_4Vadj_Post III  

3 LMTB17_003_Sf3a_Pre  9 LMTB17_003_Sf3a_Post III  

4 LMTB17_003_Sf2a_Pre  10 LMTB17_003_Sf2a_Post III  

5 LMTB17_003_Sf6_Pre  11 LMTB17_003_Sf6-Post III  

6 LMTB17_003_Ss_Pre  12 LMTB17_003_Ss_Post III 

 

3.4. Serotyping of Shigella spp Isolates 

A total of 129 Shigella isolates randomly selected from the MHK Biobank were revived by 

scrapping the surface of the frozen bacterial cells on MacConkey agar and incubated overnight. 

An isolated colony from each plate were sub-cultured on Trypticase soy blood agar (TSA) plates 

(Becton, Dickinson, USA), incubated overnight at 37°C and macroscopically checked for lawn 

culture and isolated colonies. The Shigella group and type verification was done by slide 

agglutination using commercial antisera set 2 (Denka Seiken Co. Ltd., Tokyo, Japan) as 

described in the manufacture’s insert. Using a Pasteur pipette, a drop of normal saline was placed 

on the clean marked slide, a colony of the Shigella isolate under test picked using applicator 

stick, emulsified and checked for auto-agglutination, a drop of the specific antisera added and 

slide swirled for 1 minute. If agglutination was observed, it was marked as positive and if no 

agglutination was observed, negative. 

3.5. Screening for Shigella O-antigen (LPS) Expressed on the Outer Surface of the 

Bacterial Cell Wall  

A colony from the confirmed Shigella isolates were streaked on Congo Red (CR) solid media 

and incubated overnight for 16-18hrs at 39°C. The next day, the colonies that appeared red 
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(absorbed CR dye) were considered virulent from which, a subset was selected based on the 

serotype representation for further analysis. For the serotypes that were well represented (8 and 

above), every first, second, third or fifth isolate per serotype were selected. The S. flexneri 

serotypes from the non-formulation that were only 2 to 5 were all processed due to the few 

numbers that were available for the study. 

3.6. Specific- & Cross-Reactivity of the Post-Vaccine Rabbit Serum to the Selected 

Virulent Shigella Isolates 

Pre-labeled nitrocellulose membrane disks (BioRad, USA) were layered on TSA plates and 

inoculated with 2µl from 200µl sterile saline emulsified with CR+ Shigella isolate/ control 

strains (4-9 Shigella strains of same serotype and 2-5 controls per nitrocellulose disk). Following 

overnight incubation at 37°C, the membranes were transferred into a container with 2% casein 

on a mini-orbital shaker and blocked for 30 minutes at 23 ± 2°C. Each membrane was then 

transferred into square petri dishes (15x100mm) containing the respective quadrivalent and 

monovalent bioconjugate vaccinated rabbit serum (primary antibody) diluted 1:250 in 2% casein 

and incubated on an orbital shaker for 2 hours at room temperature (23 ± 2°C). The membranes 

were washed four times in Tris buffer, wash buffer x2 and Tris buffer on a shaker for 15 minutes 

intervals each. Then, membranes were transferred into square petri dishes with the secondary 

antibody, Protein A-Alkaline Phosphatase (Sigma Aldrich, USA) at 2µg/ml in 2% casein an 

orbital shaker for 1 hour. The membranes were, washed four times in Tris buffer, wash buffer x2 

and Tris buffer on a shaker for 15 minutes intervals each and color developed in Fast 

Red/Naphthol AS-TR substrate (Sigma Aldrich, USA) solution in 1X Tris (Sigma Aldrich, 

USA)/ substrate buffer at pH 8.0 for 30 minutes. The Membranes were rinsed in deionized water 

and dried over night at room temperature. The spots with red color compared to the positive 
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control or darker than the negative control were considered positive while those with similar or 

pale color compared to the negative control were considered negative.  

3.7. Functionality (bactericidal activity) of Serum Antibodies by Serum Bactericidal 

Assay (SBA)  

3.7.1 Preparation of Frozen Bacterial Stocks 

From the CR+ lawn culture, approximately (~)10 isolated colonies were transferred to a 15 ml 

polypropylene tube containing 3 ml of Luria Bertani (LB) broth incubated for 16-18 hours at 

37°C, gently shaking. On the next day, the culture broth was diluted 1:100 in LB broth and 

incubated at 37°C, gently shaking, until the culture broth attained an OD600 of ~0.6-0.8. Using 

50ml serological pipette, 12.5 ml the culture was transferred to a sterile 50 ml conical tube and 

centrifuged at 4,000 rpm (6,000 x g) for 10 minutes. The supernatant was discarded and bacterial 

pellets gently re-suspended, by quickly dragging the bottom of the tube back and forth along a 

microcentrifuge rack. Using a serological pipette, 12.5 ml of 35% sterile glycerol in LB broth 

was added to the bacteria and re-suspend, mixed well, 0.5 ml aliquoted in sterile cryovials (20 

vials each isolate) and frozen at -80°C. 

3.7.2 Determination of Optimal Dilution Factor, temperatures and time of the Bacterial 

Stocks 

A frozen vial of bacteria stock was thawed at room temperature, 500 µl of assay buffer added 

and centrifuged at 12,000 x g for 2 minutes in an eppendorf tube. The supernatant was discarded, 

1 ml assay buffer added and bacterial pallet washed in by centrifugation at 12,000 x g for 2 

minutes, supernatant discarded, pellet re-suspended in 1 ml assay buffer and diluted 1:1000 in 

assay buffer. In well 1A of a 96 well plate, 60 µl of diluted bacteria was dispensed, 30 µl of 

assay buffer added to wells 1B-1H and 20 µl of assay buffer added to all wells in columns 2 and 
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3. A 2-fold dilution of the bacterial stock was done by pipetting 30 µl of bacteria from well 1A, 

mixing with well 1B, then 30 µl transferred from well 1B to 1C and so on down the plate. The 

final 30 µl from well 1H was discarded. Using a multichannel pipette, 10 µl was transferred from 

column 1 to columns 2 and 3. Using a pipette, 50 µl of HI BRC and 50 µl of native BRC added 

to all wells in columns 2 and 3 respectively and plate briefly mix, at 12,000 rpm for 10-15 

seconds on a mini-orbital shaker. The assay plate was incubated at 37°C for 2 hours (without 

shaking) while LB plates (2 per 96 well assay plate) was dried in a biosafety cabinet for 30 mins 

to 1 hour. After the 2 hour incubation, assay plate was incubated on ice for 10-20 mins, briefly 

mixed by shaking at 12,000 rpm for 10-15 seconds. Using a multichannel pipette 10 µl from all 

wells in column 2 was transferred to the top of the LB plate, immediately tilted and the spots 

allowed to run for ~1.5-2 cm.  This procedure was repeated for column 3, spotting these wells 

below the previous row on the LB plate, incubated at room temperature until absorbed into the 

agar and incubated upside down at 29
o
C for S. flexneri 2a, 3a and 6 and 26

o
C for S. sonnei for 12 

to 16 hours. From well E3, 10 µl of bacterial suspension was streaked onto a Congo red plate and 

incubated overnight to check for retention of virulence. After 12-16 hour incubation and the 

dilution of bacteria from the active complement group (column 3) that yields between 80-120 

CUF was determined. The individual dilutions were used for all vials in each lot of the Shigella 

serotype bacterial stock.  

3.7.3 Assessment of Bactericidal Activity 

The bactericidal activity of vaccinated rabbit serum against the selected Shigella isolates were 

assessed as previously described (Nahm et al., 2018; Weerts et al., 2019). Serum samples from 

rabbits immunized with quadrivalent (4V and 4V-Adj) and monovalent bioconjugate vaccines 

were diluted 1:10 in assay buffer and heat inactivated at 56°C for 30 mins.  Using a pipette, 20 µl 
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of assay buffer was added to columns 1 through 12 of rows A through H of a 96 well round 

bottom tissue culture plate.  To row A of the 96-well, 30 µl of each test sample added, in 

duplicate i.e. test sample 1 to columns 3 and 4, followed by the rest of the samples and serially 

diluted 3-fold through to raw H. Target bacterial stock was thawed at room temperature, 

500ul of assay buffer added, pelleted by centrifuging at 12000xg for 2 mins, supernatant 

discarded, pellet re-suspended in 1 ml assay buffer and diluted as per the optimal 

dilution. In the Hi complement control wells (column 1), 50ul of 20% heat-inactivated 

BRC was added and 50ul of 20% native BRC to complement control and test sample 

wells (column 2-12), mixed on a shaker at 700 rotations per minute (rpm) for 10-15 

seconds. The assay plate was incubated at 37°C for 2 hours and reaction stopped by 

incubating plate on ice for 10-20 minutes. The plate was mixed on a shaker at 700rpm for 

10-15 seconds and using a multichannel pipette, raw A mixed and 10ul transferred to 

the top of dry LB plate. The plate was tilted for the spots to run for ᷈ 1.5-2 cm and 

repeated for rows B to D on same plate, E to H on a second plate and incubated at 

room temperature for 10-15 mins. The inoculated LBA plates were incubated 

overnight at 26°C and 29°C. After overnight incubation, 25ml of pre-heated overlay agar was 

added to each plate and incubated at room temperature for 2 hours to allow surviving bacteria to 

develop red color. The plate was imaged and the surviving colonies enumerated using NIST's 

integrated colony enumerator (NICE) software and bactericidal titer calculated using average 

CFU/spot count of the two duplicate wells.  

3.8.  Data analysis 

i. Specific and Cross Reactivity (Colony spot blot): The qualitative data from the 

individual pre- and post- immunization bioconjugate vaccinated rabbit serum reactivity 
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(serotype specific and cross) was assessed and reported as positive (+) if red or negative (-) no 

color/pale/same as the negative control.  

ii. Functionality (bactericidal activity) of Serum by SBA: The excel based NICE 

software was used to enumerate the colonies (Appendix 1: Sample of enumerated SBA plate) 

and 50% killing Index calculated using the Opsotiter software (University at Alabama at 

Birmingham) (Moon H. Nahm, 2018) and log transformed into interpolated titers. The fold rise 

in interpolated titers between pre- and post- immunized rabbit serum was calculated and Rabbit 

serum antibodies were considered to have bactericidal activity if they yielded ≥4-fold rise 

between the pre- and post- immunized sera with the Shigella serotypes tested. 

Descriptive statistics such as percentages and fold increase were used to report the data generated 

and presented in tables.   

3.9. Ethical Considerations 

This was a retrospective laboratory-based study nested within an ongoing parent diarrheal 

surveillance protocol (KEMRI Scientific Steering Committees (SSC) #1549/WRAIR#1549) in 

Kenya since 2009. Permission to use the pooled serum samples was granted by LimmaTech 

Biologics AG through the WRAIR-SEVI department. This study was approved by the School of 

Graduate Studies (SGS) of Maseno University (Appendix 2: Approval School of Graduate 

Studies, Maseno University), for one year renewable by the institutional review board (IRBs) of 

KEMRI (SSC# 3900) and given an exemption determination by WRAIR as non-human research 

(Appendix 2: Approval School of Graduate Studies, Maseno University 
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Appendix 3: KEMRI/SERU/CCR/125/3900 protocol approval letter). To maintain confidentiality 

of the participants from whom Shigella isolates were obtained, the isolates were coded with 

unique identifiers and the investigator did not have access to participant information or 

demographics from the parent surveillance protocol. 
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The re-coding of the isolates was done by assigning new study numbers aforementioned in 

section 3.2 (i) and the original logs securely kept by and accessible to the quality assurance 

officers at MHK therefore, assuring confidentiality of participants from the parent protocol. 
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CHAPTER FOUR 

RESULTS 

4.1. Serotyping Of The Shigella Isolates 

In order to achieve the overall objective of this project was to determine if immunization with a 

Shigella quadrivalent bioconjugate vaccine induced antibodies reactive against endemic Shigella 

isolates from Kenya, the site of a phase 1/2a Shigella 4V vaccine study currently underway. The 

first stage of the project was to identify and verify Shigella isolates from the biobank within the 

MHK laboratory with the intent to select serotypes that were contained within the quadrivalent 

vaccine formulation as well as Shigella serotypes not contained within the vaccine formulation.  

A total of 129 Shigella (S) isolates were sub-cultured on TSA plates and serotyped (Figure 4.1); 

S. flexneri (n=70, 55%), S. sonnei (n=13, 10%), S. dysenteriae (n=14, 11%), S. boydii (n=12, 

9%).  Of the isolates confirmed, 20 isolates (16%) were S. sonnei form II (n=13, 65%) and 

Shigella spp (n=7, 35%) not typable by slide method using the commercially available antisera.    

 

 

 

 

 

 

 

 

 

 

Figure 4.1.  Flow chart of the distribution of Shigella serotypes.  

Serotyping done by slide agglutination using set 2 Denka Seiken antisera containing 19 group and type 

antisera; 10 S. flexneri (group B), 3 S.sonnei (group D), 4 S. boydii (group C), 2 S. dysenteriae (group A). 

Shigella isolates (N=129) 

Removed from further analysis 

S. sonnei Form II (n = 13) 

Shigella spp (n=7) 

Fully speciated Shigella CR+ (n=109) 

S. flexneri (n=70) S.sonnei (n=13) S. dysenteriae (n=14) 

S. boydii (n=2) 

S. boydii C (n=8) 

S. boydii C1 (n=1) 

S. boydii C3 (n=1) 

 

 

S. boydii (n=12) 

S. flexneri 1b (n=5) 

S. flexneri 2a (n=20) 

S. flexneri 2b (n=5) 

S. flexneri 3a (n=25) 

S. flexneri 4a (n=3) 

S. flexneri 4b (n=3) 

S. flexneri 6 (n=9) 

S. dysenteriae (n=1) 

S. dysenteriae A (n=8) 

S. dysenteriae A1 (n=5) 
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4.2. Detection Of Shigella O-Antigen Expressed On The Outer Surface Of The Bacterial 

Cell Wall By Congo Red  

Of the 129 isolates, 85% screened positive for Congo red uptake (CR+) distributed as follows; 

100% S. boydii and S. dysenteriae, 96% S. flexneri and 42% S. sonnei. Most of the S. sonnei 

(58%) were form II isolates and Congo red negative indicating that they did not retain their 

virulence and were removed from the study (Plate 4.1).  

 

Plate 4.1: Congo Red Plate Showing CR Positive And Negative Colonies  

Green circles (red colonies) positive (retained virulence) and black circles (pale colonies) 

Negative (did not retain virulence). 

The Shigella serotypes selected for ensuing analysis by colony spot blots were 41 [22 (54%) and 

19 (46%)] and serum bactericidal assays were 15 [10 (67%) and 5 (33%)] within formulation and 

non-formulation respectively (Table 4.1). 

4.3. Specific and Cross Reactivity of Rabbit Serum Antibodies Against the Shigella Isolates  

The first objective of this study was to determine the ability of antibodies, induced after 

immunization of rabbits with either monovalent or quadrivalent Shigella bioconjugate vaccines, 

to bind to the Shigella isolates identified and characterized as outlined above.  Paired pooled 

rabbit serum samples collected from pre- and post-immunization were utilized in colony blot 
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assays to assess whether antibodies were able to bind to surface expressed antigens forming an 

antigen-antibody complex visualized by staining. 

 

All five Shigella control strains were incorporated in the respective colony blot runs. The 

positive control strains were reactive with the post III vaccination rabbit serum samples tested 

while the negative control was non-reactive. As expected, there was also no detectable reaction 

observed with all of the pre- vaccination rabbit serum (Figure 4.2).  

Table 4.1.: Shigella Spp Selected For Analysis By Colony Blot And Serum Bactericidal 

Assay.  

Shigella serotype Isolate 

Abbreviation 

No. per 

serotype 

CR+ No. for 

colony blots 
No. for SBA  

S
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Shigella flex 2a S.f2a 20 4 3 

Shigella flex 3a S.f3a 25 10 4 

Shigella flex 6 S.f6 9 4 2 

Shigella sonnei S.s-I 13 4 2 

 Sub-Total 67 22 11 
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Shigella dysenteriae S.d 14 2 0 

Shigella boydii S.b 12 3 0 

Shigella flex 1b S.f1b 5 5 0 

Shigella flex 2b S.f2b 5 4 2 

Shigella flex 4a S.f4a 3 2 2 

Shigella flex 4b S.f4b 3 3 1 

 Sub-Total 42 19 5 

 
Total 

109 

(100%) 
42 (37.6%) 16 (13.7) 

Out of the 109 CR+ Shigella serotypes, 38% were subjected to assess specific (22) and cross (19) 

reactivity by colony blot and a subset of 14% for functionality by SBA. 
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Figure 4.2: Sample Colony Spot Blots From The Study.  

The A and B are from Post III and Pre runs for Sf 2a rabbit serum; Green-Positive isolates; Red-

Positive control; Black-Negative control 

4.3.1 Specific And Cross Reactivity of Shigella Isolates Within Formulation  

Serum antibodies from rabbits immunized with the quadrivalent bioconjugate vaccine formulated 

with alum (4V-Adj) were reactive in colony blots with the 22 Shigella isolates from the Shigella 

serotypes contained within the vaccine formulations. In contrast, serum antibodies after 

immunization with the quadrivalent vaccine delivered without alum (4V) reacted with all of the 

S. flexneri 3a and S. sonnei isolates, but only 50% of S. flexneri 2a isolates and none of S. flexneri 

6 strains. The was observed reactivity from serum samples from monovalent bioconjugate 

immunized rabbits with the specific Shigella serotypes in line with the O-antigen used in the 

vaccine formulation (Sf 2a, 3a, 6, S. sonnei).  However, in this study, there was also some cross 

reactivity observed between serum from monovalent bioconjugate vaccinated rabbits of S. 

flexneri 2a with one S. flexneri 3a isolate, of S. flexneri 3a with one S. flexneri 2a isolate and 

from S. flexneri 6 with one S. flexneri 2a isolate. No cross reactivity was observed neither S. 

sonnei nor the Sf 6 isolates with other monovalent rabbit serum assayed in this study (Table 4.2.). 
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 Table 4.2.: Specific/Cross Reactivity Of Rabbit Serum With Shigella Isolates Contained Within Formulation  

Shigella serotype Isolate ID  

Post immunization Rabbit serum 

Monovalent  Quadrivalent 

S. flexneri 2a S. flexneri 3a S. flexneri 6 S. sonnei 4V 4V-Adj 

 SBA-K-S.f2a-003 + - - - - + 

 SBA-K-S.f2a-049
ɒ
 + + - - + + 

S. flexneri 2a SBA-K-S.f2a-100
ɒ
 + - - - - + 

 SBA-K-S.f2a-072 + - + - + + 

 SBA-K-S.f3a-085
ɒ
 - + - - + + 

S. flexneri 3a SBA-K-S.f3a-089
ɒ
 - + - - + + 

 SBA-K-S.f3a-093 - + - - + + 

SBA-K-S.f3a-098 - + - - + + 

SBA-K-S.f3a-047 - + - - + + 

SBA-K-S.f3a-001
ɒ
 + + - - + + 

SBA-K-S.f3a-040 - + - - + + 

SBA-K-S.f3a-044
ɒ
 - + - - + + 

SBA-K-S.f3a-047 - + - - + + 

SBA-K-S.f3a-111 - + - - + + 

S. flexneri 6  SBA-K-S.f6-008 - - + - - + 

SBA-K-S.f6-050
ɒ
 - - + - - + 

SBA-K-S.f6-092 - - + - - + 

SBA-K-S.f6-124
ɒ
 - - + - - + 

S. sonnei SBA-K-S.s1-105
ɒ
 - - - + + + 

SBA-K-S.s1-107
ɒ
 - - - + + + 

Assay Controls 

Positive 

S. flexneri 2a,2457T  + - - - + + 

S. flexneri 3a, J17B - + - - + + 

S. flexneri 6, CCH060 - - + - + + 

S. sonnei, Moseley  - - - + + + 

Negative K-Sspp-071  - - - - - - 

A) 
 
 Key: 

ɒ
 = Selected for SBA, (-) = Negative, (+) = Positive, K-Sspp-071= Negative control. B) Only serotype specific control strains were 

included with monovalent while all four positive controls were included with quadrivalent bioconjugate serum tested. All serotypes within 

formulation reacted with specific monovalent and 4V-Adj while for 4V, 50% of Sf2a and none of Sf6 reacted.  
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4.3.2. Cross Reactivity Of The Post III Serum With  Shigella Isolates Not Within 

Formulation: Other than the four serotypes contained within the vaccine formulations, reactivity 

of rabbit serum after immunization with either monovalent or quadrivalent Shigella bioconjugate 

vaccines were also tested against other Shigella isolates. Cross reactivity was observed with 

seven (37%) out of the nineteen Shigella isolates tested. Serum from rabbits immunized with 4V-

Adj reacted with three of the four (75%) S. flexneri 2b isolates, two (100%) S. flexneri 4a isolates 

and one isolate from both S. flexneri 1b (20%) and (25%) S. flexneri 4b.  Interestingly, animals 

immunized with the S. flexneri 2a monovalent bioconjugate had antibodies that cross-reacted 

with three (75%) S. flexneri 2b in the colony blot assays.  No cross reactivity was observed 

between serum from monovalent S. flexneri 3a, S. flexneri 6 and S. sonnei bioconjugate 

immunized rabbits and Shigella serotypes not contained within the vaccine formulations (Table 

4.3). 

The results of the colony blot reactivity were compared to the positive and negative control 

colors developed and reported as positive. The qualitative data from the individual pre and post 

III monovalent and quadrivalent bioconjugate vaccinated rabbit serum reactivity could not be 

reported as high, medium or low. This is because no standard was available for incorporation as 

control hence no comparative standard to be used for comparison of the color intensities. The 

comparison of the spot blot color intensities against the positive and negative controls in each 

run was sufficient to obtain the positive and negative colony blot results.  
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Table 4.3.: Cross Reactivity Of Rabbit Serum With Shigella Isolates Not Contained Within Formulation 

Shigella serotype Isolate  ID 

Post immunization Rabbit serum 

Monovalent Quadrivalent 

S. flexneri 2a S. flexneri 3a S. flexneri 6 S. sonnei 4V 4V-Adj 

S. boydii 

SBA-K-S.bC3-046 

SBA-K-S.bC-065 

SBA-K-S.bC-095 

- - - - - - 

- - - - - - 

- - - - - - 

S. dysenteriae 
SBA-K-S.dA-012 

SBA-K-S.dA1-041 

- - - - - - 

- - - - - - 

S. flexneri 2b 

SBA-K-S.f2b-066 

SBA-K-S.f2b-131
 ɒ
 

SBA-K-S.f2b-132
ɒ
 

SBA-K-S.f2b-133
ɒ
 

- - - - - - 

+ - - - - + 

+ - - - - + 

+ - - - - + 

S. flexneri 1b 

SBA-K-S.f1b-021
 b
 

SBA-K-S.f1b -025 

SBA-K-S.f1b -042 

SBA-K-S.f1b -102 

SBA-K-S.f1b -103 

- - - - + + 

- - - - - - 

- - - - - - 

 - - - - - - 

 - - - - - - 

S. flexneri 4a 
SBA-K-S.f4a -032

 ɒ
 

SBA-K-S.f4a-039
ɒ
 

- - - - - + 

- - - - - + 

S. flexneri 4b 

SBA-K-S.f4b-068
 ɒ
 

SBA-K-S.f4b-090 

SBA-K-S.f4b-115 

- - - - - + 

- - - - - - 

- - - - - - 

Assay Controls 

Positive 

S. flexneri 2a,2457T  

S. flexneri 3a, J17B 

S. flexneri 6, CCH060 

S. sonnei, Moseley 

+ - - - + + 

- + - - + + 

- - + - + + 

- - - + + + 

Negative K-Sspp-071  - - - - - - 

A) 
 
 Key: 

ɒ
 = Selected for SBA,

 b
= Not analyzed further. Additional trouble shooting with the isolate is still ongoing. Isolate will be included in 

separate study, (-) = Negative, (+) = Positive, K-Sspp-071= Negative control. B) Only serotype specific control strains were included with 

monovalent while all four positive controls were included with quadrivalent bioconjugate serum tested. 
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4.4. Functional Activity Of Serum Antibodies Induced After Immunization With 

Monovalent Or Quadrivalent Shigella Bioconjugate Vaccines   

The final objective of this study was to determine if the antibodies from rabbits immunized with 

the Shigella bioconjugate vaccines that bound in the Shigella isolates in the reactivity (colony 

blot assays) possessed functional activity.  To assess one parameter of functionality, rabbit serum 

samples reactive in the colony blots were assessed for bactericidal activity.  All Shigella isolates 

tested in the SBA showed optimal growth after 16-18hr incubation at 29˚C and at 26˚C for S. 

sonnei, resulting in microcolony growth sufficient to be detected. Growth conditions were 

similar to historical Shigella strains (S. flexneri 2a, 2457T, S. sonnei, 53G and Moseley, S. 

flexneri 6, CCHO60, and S. flexneri 3a, J17B) as previously reported with the modification for S. 

flexneri 6, CCHO60, which was incubated at 29˚C instead of 26˚C. The 50% cutoff value 

established for the assays were consistent with previous results (Weerts et al., 2019). 

Consistent with the colony blot results with the pre-immunization serum pools being negative, 

the bactericidal activity was also low to undetectable in these pooled samples from all the rabbits 

against all tested Shigella serotypes. Serum from rabbits immunized with monovalent S. flexneri 

6 bioconjugate had bactericidal activity against S. flexneri 6 strains used in the study, but no 

cross-reactivity with other serotypes. Similar results were achieved after immunization of rabbits 

with monovalent S. sonnei bioconjugate. Interestingly, serum from rabbits immunized with 

monovalent S. flexneri 3a bioconjugate had bactericidal activity against one of the two S. flexneri 

2a isolates, in addition to all four of the S. flexneri 3a strains. Serum from rabbits immunized 

with monovalent S. flexneri 2a bioconjugate was capable of killing the two S. flexneri 2a strains 

and one of the S. flexneri 3a isolates, albeit at much lower levels.  Additionally, monovalent 

rabbit serum from S. flexneri 6 had bactericidal acidity against one S. flexneri 2a. 
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Serum from rabbits immunized with the quadrivalent Shigella bioconjugate (4V) had bactericidal 

activity against two of the S. flexneri 2a strains, two of the S. sonnei isolates and all four of the S. 

flexneri 3a isolates but none of the S. flexneri 6 isolates.  In stark contrast, serum from rabbits 

immunized with 4V-Adj had bactericidal activity against all sixteen Shigella isolates 

representing the four Shigella serotypes contained within the vaccine formulation. The 

interpolated titers of the quadrivalent and monovalent anti-sera varied among the specific 

serotypes and between the same serotypes. The highest bactericidal titers were attained by S. 

sonnei while the lowest were by S. flexneri 6 monovalent sera.  

Interestingly, serum from rabbits immunized with monovalent S. flexneri 2a monovalent 

bioconjugate had bactericidal activity against the two S. flexneri 2b strains tested comparable to 

S. flexneri 2a strain. Similarly, the serum from rabbits immunized with 4V-Adj had notable 

bactericidal activity with the two S. flexneri 2b isolates, two S. flexneri 4a isolates, and a S. 

flexneri 4b isolate. The interpolated (bactericidal) titers of the quadrivalent and monovalent anti-

sera varied among the specific serotypes and not between the same serotypes. The bactericidal 

titers attained from the monovalent and 4V-Adj bioconjugate serum were identical between the 

two S. flexneri 2b tested. However, the titers from 4V-Adj bioconjugate with S. flexneri 4a 

strains varied among the two isolates tested. 

Furthermore, there was observable fold increase in bactericidal titers between the pre and post III 

bioconjugate vaccinated rabbit serum antibodies against the Shigella strains tested.   
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Table 4.4: Bactericidal activity of rabbit serum antibodies against selected Shigella isolates  

Shigella serotype  Isolate ID  

Fold increase in antibodies induced in rabbits after immunization 

Monovalent Quadrivalent 

S. flexneri 2a S. flexneri 3a S. flexneri 6 S.sonnei 4V 4V-Adj 

Contained 

within the 

vaccine 

construct 

S. flexneri 2a  

SBA-K-S.f2a-049  70 19 
— 

15 12 

SBA-K-S.f2a-100  111 
— 

— 24 

SBA-K-S.f2a-072  100 36 — 9 9 

S. flexneri 6  
SBA-K-S.f6-050  

— 
46 

— 
70 

SBA-K-S.f6-124  54 113 

S. flexneri 3a  

SBA-K-S.f3a-085  

— 

40 

— 

54 20 

SBA-K-S.f3a-089  98 37 42 

SBA-K-S.f3a-044  49 34 34 

SBA-K-S.f3a-001  NR 7 4 32 

S. sonnei  
SBA-K-S.s1-105  

— 
746 68 274 

SBA-K-S.s1-107  663 74 68 

Not 

within the 

vaccine 

construct 

S. flexneri 2b  
SBA-K-S.f2b-131  67 

— 
41 

SBA-K-S.f2b-132  62 25 

S. flexneri 4a  
SBA-K-S.f4a-032  

— 

7 

SBA-K-S.f4a-039  7 

S. flexneri 4b  SBA-K-S.f4b-068 9 

Fold increase calculated by dividing the post-immunization (post III-day 42 pooled rabbit serum) bacterial titer by the pre-immunization (pre- day 

0  pooled rabbit serum) bacterial titer, a fold rise of ≥4 considered as responders; < 4-fold increase = non-responder (NR); (—) = Not tested for 

bactericidal activity fold rise tires;      tire 4 (>201),       tire 3 (61-200),      tire 2 (31-60) and      tire 1 (4-30).  
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CHAPTER FIVE 

DISCUSSION 
 

5.1 Discussion 

Shigella continues to be one of the leading global causes of diarrheal morbidity and mortality, a 

serious public health problem particularly in children within resource limited settings 

(Shimanovich et al., 2017). Depending on the Shigella species associated with the infections 

coupled with multidrug resistance, the disease can be severe resulting in long-standing sequelae 

such as toxic megacolon, irritable bowel syndrome, haemolytic uremic syndrome, reactive 

arthritis and stunted growth in children amid a myriad of other diarrheal symptoms 

aforementioned (MacLennan et al., 2019; Mattock & Blocker, 2017). It was therefore important 

in this study to identify the circulating serotypes that would form part of the targeted Shigella 

serotypes for vaccine development. 

Of the 109 serotypes in this study, 62% were S. flexneri 2a, 3a,6 and S. sonnei serotypes similar 

to those from the Global Enteric Multicenter Study (GEMs, Kenya incorporated) with 63% of 

the Shigella species; S. flexneri 3a, 2a, 6 and S. sonnei, as the most predominant. These serotypes 

are responsible for approximately 80% of Shigella diarrheal infections globally, and 

recommended for quadrivalent Shigella vaccine WHO (Livio et al., 2014; Riddle et al., 2016). 

Other Shigella serotypes characterized in this study were; 11% S. dysenteriae implicated in 

epidemics/ outbreaks, 9% S. boydii, 7% S. flexneri 1b (possible for inclusion in multivalent 

vaccine), 7% S. flexneri 2b, 4% S. flexneri 4a these were similar to those characterized in other 

studies (Livio et al., 2014; Nyanga et al., 2017). Additionally, 4% S. flexneri 4b, were identified 

in this study that were not identified in the GEMs study for Kenya while S. flexneri 7a was 

identified in Kenya before (Livio et al., 2014), but not identified in this study. The serotypes not 



 

40 
 

identified in this study could be attributed to the limitation of the Denka Seiken Shigella set 2 

antisera that identifies some serotypes but also possibly missed because, not all available 

archived Shigella isolates from the biobank were tested in this study. However, the isolates tested 

here cover a broader geographical region and age groups within Kenya as per the parent 

surveillance protocol as compared to GEMs, Obiero and Nyaga et al., studies (Livio et al., 2014; 

Nyanga et al., 2017; Obiero et al., 2017). The serotypes used in this study provide a broader 

distribution of Shigella isolates, which is considered one key factor in strengthening vaccine 

development strategies. This is important given the need to evaluate the efficacy of existing 

multivalent vaccines not only in adults but also in children in Kenya where shigellosis is 

endemic with diverse range of strain types and serotypes (Obiero et al., 2017). 

The majority of Shigella isolates in this study retained their virulence genes with the exception of 

S. sonnei where ~58% were CR negative, supporting the findings of a study by Szujarto (Dr 

Valéria Szijártó, 2013).  The LPS biosynthesis genes are uniquely located, in part, on the 

virulence plasmid of S. sonnei and therefore loss of the plasmid results in a conversion from 

Form I (smooth, round colonies) to Phase II (rough, large colonies) phenotype. The lack of S. 

sonnei phase II to retain virulence genes could be correlated with more self-limiting disease 

(Torraca et al., 2020) and therefore, not targeted in ongoing vaccine development strategies. This 

also formed the basis for not proceeding with S. sonnei Phase II form isolates for the ensuing 

assays in this study. 

The specific anti S. flexneri 2a antibody responses observed in the phase 1 study with the 

monovalent bioconjugate (Chen & Kotloff, 2016; Riddle et al., 2016) agree with the results of all 

rabbit serum following serotype specific monovalent bioconjugate vaccination against the target 

Shigella strains; Sf 2a, 3a, 6 and S. sonnei in this study. This is indicative that, the antibodies 
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produced following immunization with the monovalent were specific and support the findings 

from desert shield/ storm operations and Kenyan adults studies on seroconversion due to 

exposure or infection with Shigella spp (Hyams et al., 1995; Obiero et al., 2017). The cross 

reactivity observed between some of the vaccine targeted serotypes Sf2a and Sf3a strains with 

Sf3a and Sf2a monovalent vaccinated rabbit serum could be due to the serogroups O-antigen 

factors (6, 7:8, 9) shared by the two serotypes (Hlozek et al., 2020). In this in vitro study, cross 

reactivity of Sf6 monovalent with one of the Sf2a isolate points to the possibility of the Sf6 

monovalent could induce cross reactive antibodies. Although only one of the Sf2a isolates cross 

reacted, the results provides valuable information following adding to the results from initial Sf6 

conjugate efficacy study by Farzam et al., and basis for further studies evaluating the Sf6 

monovalent bioconjugate human serum with Sf2a serotypes from Kenya (Farzam et al., 2017).     

In this study post quadrivalent bioconjugate vaccinated rabbit serum had specific reactivity with 

86% (4V) and 100% (4V-Adj) with the four Shigella isolates targeted by the formulation. This 

demonstrates that the multivalent formulation was immunogenic and support the assumptions 

made by the GEMs, Riddle et al studies, and recommendation by WHO on a broadly reactive 

Shigella vaccine (Livio et al., 2014; WHO, 2020). Therefore, this study results show that, the 

post vaccinated rabbit serum from the LMTB quadrivalent bioconjugate vaccine (Shigella4V) 

construct targeting Sf 2a, 3a, 6 and S. sonnei which is now being evaluated in a Phase 1/2a age-

descending study in Kenya confers specific protective ability against the four important Shigella 

serotypes. However, the 16% percent that include all Sf6 and 50% Sf2a that were not reactive 

with 4V in this study will need to be assessed. 

The cross reactivity observed from serum collected from rabbits immunized with the S. flexneri 

2a monovalent vaccine with S. flexneri 2b support the suggestion that could this could be due to 
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both chemical and conformational epitopes similar to Sf2a due to the O-factor 9 (Hlozek et al., 

2020). Cross protection among Shigella flexneri serotypes has been explored previously (Noriega 

et al., 1999) in the context of animal studies and clinical evaluations. Emphasis has been placed 

on the ability of a vaccine to confer a significant degree of protection to most common Shigella 

serotypes especially those with shared antigenic structures (group B; 3/4, 6, 7(8)) (Noriega et al., 

1999).  No cross reactivity of serum from S. sonnei (group B) monovalent vaccines with other 

isolates tested in this study due to the structural difference not only between the two groups B 

and Shigella flexneri (group D) but also between and the other two groups of Shigella A and C 

aforementioned (Knirel et al., 2015).  

Interestingly, immunization with the 4V-adj and 4V bioconjugate serum showed broader cross 

reactivity with the prevalent serotypes (S. flexneri 2a, 3a, 6 and S. sonnei) as well as with 

additional serotypes within group B (S. flexneri 1b, 2b, 4a, 4b). This is similar to results from 

guinea pigs immunized with a bivalent S. flexneri 2a/3a vaccine which significantly protecting 

the vaccinated guinea pigs against challenge with S. flexneri Y, 1b, 2b and 5b but offered 

nominal protection against S. flexneri 1a, 4b and 6 (Noriega et al., 1999; Van de Verg & 

Venkatesan, 2014). These finding support the assumption that a higher degree of cross protection 

can be achieved by combining Shigella antigenic and group factors within a vaccine (Van de 

Verg & Venkatesan, 2014).     

An exciting outcome this study was the immune responses generated after immunizing the 

rabbits with the 4V-Adj (vaccine delivered with alum) that resulted in increased breadth of the 

immune responses to four other Shigella serotypes not specifically targeted by the vaccine. 

Although the mechanisms of action afforded by vaccine adjuvants are largely unknown, the 

effects of adjuvants on vaccine-induced immune responses can be multifactorial.  For example, 
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inclusion of an adjuvant (such as alum) to a vaccine formulation can augment the magnitude of 

the immune response, redirect the phenotype of the immune response or expand the breath of 

immune response as shown with proteins (HogenEsch et al., 2018; Turbyfill et al., 2018). The 

addition of an alum to the Shigella4V bioconjugate vaccine formulation increased the breath of 

the immune response cross reactivity in the colony blot and SBA assays (Tables 4.2-

4.4).Therefore, adjuvants may be useful in vaccine development to reduce the amount of vaccine 

required to reach an immunological threshold, either in terms of vaccine dose amount or the 

number of vaccinations (dose-sparing) or to enhance the immunogenicity of a vaccine in 

populations where immune responses are not as robust, such as in small children or infants 

(HogenEsch et al., 2018; WHO, 2020). Previous clinical studies with a monovalent Flexyn2a 

bioconjugate (Riddle et al., 2016) did not detect an increase in the magnitude or change in the 

phenotype of the immune response induced but the study did not directly measure any changes in 

the breadth of the immune response in terms of cross-reactivity with other Shigella serotypes. 

However, these studies were conducted in adult populations where the adjuvant effect may be 

limited as compared to infant populations.  Archived samples from those studies could be 

utilized to investigate these hypotheses using a similar study structure as implemented with the 

rabbit serum. Nevertheless, results from this study clearly demonstrate an added advantage of 

alum to the quality of the immune response induced after immunization with the quadrivalent 

formulation and suggests the vaccine could protect against more than the four Shigella serotypes 

targeted by the vaccine.  

There was ≥4-fold increase of in the bactericidal titers (Weerts et al., 2019) for all the rabbit 

serum with target Shigella serotypes indicative that there was detectable vaccine induced 

immunological rabbit responses. The results of functionality of the vaccinated rabbit serum with 
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the Shigella serotypes in this study correlate with antibody titers determined by ELISA 

conducted on the same sample set and generally align with results after immunization with the 

Flexyn2a vaccine (Riddle et al., 2016; Talaat et al., 2017). Furthermore, all the non-targeted 

cross-reactive Shigella serotypes had >4-fold increase in bactericidal titers with the 4V-Adj 

formulation therefore reinforcing the need for addition of an adjuvant to vaccine formulation as 

indicated by Turbyfill et al., 2018. The combination of binding in colony blot format and the 

bactericidal activity associated with immunization of rabbits with the 4V-adj formulation holds 

the promise of a vaccine with a broader coverage than the four Shigella serotypes targeted by the 

vaccine. 

If clinical evaluations, which are underway in Kenya, also demonstrate a more broadly reactive 

immune response, the Shigella bioconjugate may offer a promising solution to the morbidity and 

mortality associated with Shigella infections.  As vaccine development efforts progress, the 

ability of multivalent Shigella vaccines to elicit broadly cross-reactive immunity should be 

explored, especially to Shigella serotypes of global predominance. 
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CHAPTER SIX 

SUMMARY, CONCLUSION AND RECOMMENDATION 

6.1  Summary  

This study was undertaken to evaluate the breath of reactivity and functionality of antibodies 

from monovalent ad multivalent Shigella bioconjugate vaccinated rabbit serum against Shigella 

isolates from a low and middle income country (Kenya) where the Shigella4V would be usable. 

These results show that the monovalent and the Shigella4V had specific, cross reactivity and 

bactericidal activities indicative that, the vaccine contract cannot only bind to the antigen but 

also activate the complement classical pathway leading to bacterial cell death.  The breath of the 

Shigella4V illustrated here lays a foundation for possible CHIM studies here in Kenya as a proof 

of concept for the vaccine construct following success with the ongoing phase 1/ 2a 

immunogenicity studies.  

6.2  Conclusions   

This study demonstrates that,  

ii. Specificity of the quadrivalent cover the four important implicated in 80% of Shigella 

diarrheal infections globally (Sf2a, 3a, 6 and S. sonnei) and additional predominant 

Shigella serotypes (Sf2b, 1b, 4a, and 4b).  

iii. Cross reactivity and bactericidal activities support the assumption made that a higher 

degree of cross protection can be achieved by combining Shigella antigenic and group 

factors within a vaccine.  

• This implies that the vaccine construct could offer a broad protection than designed for 

and a promising and enduring solution towards prevention of shigellosis in endemic 

regions such as Kenya.  
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6.3 Recommendation and Future steps 

i. Analyze additional isolates such as S. flexneri 1b, 5a/b, 3b that would add to the 

knowledge on the breath of cross reactivity with the novel quadrivalent vaccine under 

clinical trials. 

ii. Analysis of human serum from immunization with Flexyn2a vaccine for cross reactivity 

with S. flexneri 2a, 2b and 3a isolates from Kenya as seen in this study.  

iii. Pending proof of concept though controlled human challenge studies (CHIM), it would 

be exciting to see the results from evaluating the post Shigella4V tetravalent vaccine 

human serum from the ongoing phase 1/2a LMTB study for reactivity/ cross-reactivity 

and functional capabilities against recent Shigella isolates from Kenya.  
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APPENDICES 

Appendix 1: Sample of enumerated SBA plate 

SBA SBA-K-S.f3a-089 Plate 1 and 2: 
 1 2 3 4 5 6 7 8 9 10 11 12 

A 

 

B 

C 

D 

E 

F 

G 

H 

 CT A CT B 4V Pre 4V Post III 4V-Adj Pre 4V-Adj Post III Blank 

Key: CT A- Heat inactivated BRC control, CT B- Native BRC control 
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