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Abstract 

Title: Serological correlates of protection against shigellosis in humans 

Avital A. Shimanovich, Doctor of Philosophy, 2017 

Dissertation Directed By: Marcela F. Pasetti, Ph.D., Professor, Pediatrics, Microbiology 

and Immunology 

Shigella infection causes severe diarrheal disease that results in protective 

immunity. Antibodies, particularly IgG, are believed to play an important role in host 

defenses against shigellosis. The mechanisms by which antibodies interact with Shigella 

and prevent infection remain to be understood. The goal of this project was to characterize 

immune responses against Shigella in humans and define the anti-microbial activity of 

Shigella-specific antibodies as potential immune correlates of protection (CoP). 

We established Shigella-specific functional antibody assays and determined serum 

bactericidal (SBA) and opsonophagocytic killing antibody (OPKA) titers as well as 

antigen-specific antibody levels pre- and post-challenge in serum from a Phase IIb study. 

Pre-challenge antibody titers, including SBA, OPKA, IpaB- and VirG(IscA)-specific IgG 

and IgG1, correlated with reduced severity of shigellosis while IpaC-, IpaD- and LPS-

specific IgG levels did not. SBA, OPKA, IpaB-, and VirG-specific IgG antibodies 

increased after challenge, particularly in volunteers who experienced moderate disease.  

This is the first demonstration that functional and VirG-specific antibody levels 

represent CoP in a controlled human challenge study. In a small animal experiment, mice 

vaccinated intranasally with VirG developed VirG-specific IgG and experienced 60% 

protection against lethal Shigella pulmonary challenge.  



 
 

Next, we examined the presence of Shigella-specific SBA activity in (1) American 

volunteers who received oral live-attenuated Shigella vaccine candidates CVD 1204 and 

1208S and (2) pregnant women living in an endemic region. We confirmed that live-oral 

vaccination mimics natural infection by inducing high rates of SBA responses after a single 

vaccination and that similar activity is present in women naturally exposed to the organism.  

SBA assays also successfully determined the immunogenicity of a prime-boost 

vaccination regimen that involved initial dosing of non-human primates with CVD 1208S 

followed by a boost with CVD 1208S expressing Escherichia coli CFA1 and CS3 antigens.  

Mechanistic studies to determine the antigenic specificity of SBA indicated that 

LPS and outer-membrane proteins may be involved, as depletions significantly reduced 

SBA activity of hyperimmune serum.  

In conclusion, we demonstrate potential CoP that may determine Shigella-specific 

immunity. This work provides support for further mechanistic analysis and future studies 

to determine if functional antibodies can predict protective immunity and vaccine efficacy.  
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Chapter 1: Introduction and Specific Aims 

  

I. Introduction  

Shigella spp. cause enteric disease in humans that ranges from a mild, watery 

diarrhea to a severe, bloody, mucoid diarrhea called bacillary dysentery or shigellosis. 

Short-term complications from shigellosis include fever, dehydration, toxic megacolon, 

hypoglycemia, sepsis and death (1, 2). Infection with the Shigella dysenteriae type 1 sub-

species can also cause hemolytic uremic syndrome due to the expression of Shiga toxin 

(1). Long-term consequences of repeated infection, include malnutrition, stunted-growth, 

impaired cognitive development, decreased immune function and irritable bowel syndrome 

(3-8). These complications commonly occur in children from developing regions of the 

world where Shigella spp. is endemic (8, 9). Shigella outbreaks also occur in industrialized 

nations, often from individuals who became infected while traveling to endemic regions 

(10). While antibiotics ameliorate the disease, treatment options are limited due to 

increasing circulating antibiotic resistances amongst Shigella strains (11, 12). Currently 

there are no approved Shigella vaccines to protect those at high risk, especially young 

children living in the developing world and travelers to these regions [reviewed in (13, 

14)]. 

Following resolution of Shigella infection, individuals develop antibodies that are 

associated with short-term sero-type specific protection from re-infection (15-18). The 

mechanisms by which antibodies contribute to protection against Shigella infection are 

poorly understood. As a result, there are no firm immunological correlates of protection 

against shigellosis to support the development of a safe and efficacious vaccine [reviewed 
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in (19)]. Therefore, the focus of this dissertation is to define humoral immune responses 

against Shigella and investigate their associations with protection with the goal of defining 

correlates of protection.  

II. Shigella spp. history 

In Japan in 1897, more than 90,000 cases of severe diarrheal disease were reported 

in an epidemic with a mortality rate approaching 30% [reviewed in (20)]. During this 

epidemic, Dr. Kiyoshi Shiga identified the causal organism as S. dysenteriae and termed 

the disease bacillary dysentery. Descriptions of similar species and strains followed his 

publication over the next decades that defined Shigella as an intracellular pathogen that 

causes severe diarrhea. The current definition of Shigella spp. published in Bergey’s 

Manual described Shigella as a “gram-negative bacteria that are aerobic, non-sporulating, 

non-motile and, with a few exceptions, nonproductive of gas from fermentable substances” 

(21, 22).  

The genus Shigella is divided into four serogroups each with serotypes including 

dysenteriae (serogroup A, 15 serotypes), flexneri (serogroup B, 8 serotypes), boydii 

(serogroup C, 19 serotypes) and sonnei (serogroup D, 1 serotype) which are differentiated 

based on variations in LPS O-antigen structure (22). S. flexneri is responsible for most 

Shigella-related morbidity and mortality due to its vast distribution and numerous 

serotypes (23). It is endemic throughout the developing world with subspecies 2a, 2b, 3a 

and 6 are amongst the primary infecting sero-type (23). S. dysenteriae is the only serogroup 

that produces the Shiga toxin which results in the most severe form of disease and is 

primarily responsible for outbreaks in the developing world (24). In contrast, S. sonnei 



 

3 
 

infections are most commonly associated with outbreaks in the industrialized world 

although it is also endemic in parts of the developing world (23, 25). S. boydii infections 

are not common (23).  

III. Epidemiology 

The World Health Organization (WHO) Foodborne Disease Burden Epidemiology 

Reference Group has reported the rates of shigellosis in the different regions of the world. 

Approximately 188 million (95% UI 94-379 million) Shigella spp. infections occur 

worldwide causing roughly 65,000 (95% UI 48,966-92,397) deaths per year (26). There is 

an increased prevalence of infection in Southeast Asia, Africa and the Eastern 

Mediterranean where Shigella spp. is endemic (Table 1.1).  
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Table 1.1. Estimated worldwide burden of shigellosis. 

Region 

Incidence 95% UI Mortality 95% UI 

Per hundred thousand diarrheal illnesses 

Europe 23 16-31 0.02 0.004-0.06 

Low-mortality Americas 1926 524-5239 0.1 0.07-0.02 

Western Pacific 2,038 728-5,779 0.1 0.05-0.2 

Southeast Asia 3,343 924-9,493 1 0.4-2 

Africa 3,407 463-12,047 3 2-5 

Eastern Mediterranean 4,143 854-19,877 3 2-4 

Pires SM, Fischer-Walker CL, Lanata CF, Devleesschauwer B, Hall AJ, Kirk MD, 

Duarte AS, Black RE, Angulo FJ. 2015. Aetiology-Specific Estimates of the 

Global and Regional Incidence and Mortality of Diarrhoeal Diseases Commonly 

Transmitted through Food. PLoS One 10: e0142927 (26). 
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Diarrhea is the third major cause of mortality in young children under the age of 

five (27). The prevalence of Shigella, along with other enteric pathogens, as an attributable 

agent of moderate to severe diarrhea (MSD) in children less than five years of age living 

in endemic areas of the world has been recently examined in the Global Enteric Multi-

center Study (GEMS) (9). The study, supported by the Gates Foundation and led by 

investigators at the CVD, identified Shigella spp. among the top five causes of MSD in 

children of all ages using microbiological methods (9). Specifically, in infants less than 

one year of age, Shigella spp. were the fourth most common cause of MSD accounting for 

one incident per hundred child-years (incidence rate x 100 child-years) (9). In toddlers 

between the ages of 12-23 months, Shigella spp. were the second most common cause of 

MSD accounting for three incidents per hundred child-years (9). In children 2-5 years of 

age, Shigella spp. were among the primary causes of MSD accounting for one incident per 

hundred child-years (9) (Figure 1.1). A further analysis of these results with more sensitive 

molecular methods (qPCR) corroborated these findings and showed an even greater 

incidence than originally reported (Figure 1.1) (28). Taken together, these data demonstrate 

that Shigella spp. are a relevant and primary cause of diarrheal disease especially in young 

children living in endemic regions. 
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Figure 1.1. Incidence of enteric infections in children under the age of five living in 

endemic regions. Attributable incidence per 100 child-years using microbiological 

methods and qPCR reanalysis from testing diarrheal stools of children with MSD. Lui et 

al. Use of quantitative molecular diagnostic methods to identify causes of diarrhoea in 

children: a reanalysis of the GEMS case-control study. Lancet 2016; 388: 1291–301 

Reprinted with permission (28). 
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Shigella spp. infection is also a common cause of morbidity amongst travelers to endemic 

regions, with members of the Army, National Guard and aid workers having the highest 

risk for developing Shigella-associated traveler’s diarrhea (TD) (29, 30). Individuals with 

TD and contaminated food products have contributed to small, regular outbreaks, often 

with antibiotic resistant strains of the Shigella sonnei serotype in the developed world (10, 

31). The appearance of such strains has increased over the past decades complicating 

treatment (10, 31).  

IV. Shigella virulence  

Shigella is genetically related to the Family Enterobacteriaceae, diverging ~1.5% 

from E. coli K-12 into its own genus (32). Evolution of the Shigella species from E. coli 

occurred with a series of genetic deletions, inactivations, insertions and acquisitions 

[reviewed in (33)]. Genetic gain, in some strains, includes the Shigella-specific 

pathogenicity islands (SHI) SHI-1, SHI-2 and SHI-O, all of which encode virulence 

factors. The SHI-1 pathogenicity island encodes proteins SigA, Pic and enterotoxin Shet1. 

SigA is a secreted cytopathic protease that participates in intestinal fluid accumulation 

while Pic is a secreted serine protease that degrades mucus. ShET-2 is a S. flexneri 2a 

specific enterotoxin encoded in SHI-1. ShET enterotoxins are thought to dysregulate the 

osmotic balance of the gut resulting in water accumulation in the colon (34). SHI-2 encodes 

the aerobactin iron acquisition system, which enables Shigella to utilize host iron. SHI-O 

encodes the LPS-O-antigen genes; LPS allows distinction and evolution between species 

(serotype specificity). 



 

8 
 

A large 200 kb virulence plasmid was also acquired during the evolution of Shigella 

spp. [reviewed in (33)]. This plasmid encodes a Type III Secretion System (T3SS) and the 

means for intracellular spread, which are essential virulence functions. The T3SS structural 

proteins include: Membrane expression of Invasion plasmid antigen (also known as Ipa) 

(Mxi) and Surface presentation of Ipa (Spa) family members that form the base and syringe 

of the T3SS, respectively (Figure 1.2). Ipa proteins structurally form the needle tip and 

enable the transport >20 effector proteins across the host-cell membrane that will disrupt 

multiple host cell pathways (Figure 1.2). Secreted T3SS effectors include OspF, a 

phosphotheronine lyase that inhibits histone phosphorylation and down-regulates NFƘB 

activation, and IpgB2A, an inducer of actin-mediated membrane ruffling that assists in 

early entry into host cells and cell-to-cell spread. IpaB, the tip of the T3SS, interacts with 

the host cell membrane to promote invasion, and induces phagosomal escape and apoptosis 

in invaded host cells. T3SS expression by Shigella is induced by the plasmid-encoded 

transcriptional activator Virulence regulon transcriptional activator (VirF) after 

temperature shift to 37°C. Low pH, high osmolarity and iron concentration like that of the 

human gut can also induce T3SS expression. 

The molecular components for actin polymerization and intracellular dissemination 

are also encoded on the virulence plasmid [reviewed in (33)]. These proteins include 

VirG/Intracellular spread A (IscA), SopA/IscP, VirA and PhoN2. VirG, the primary 

mediator of intracellular spread, directly interacts with host actin to induce polymerization 

(35). Deletions in VirG significantly attenuate the bacteria; hence, attenuating mutations in 

VirG are incorporated into many vaccine strains [reviewed in (13, 14)].  
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Figure 1.2. Shigella T3SS structure. Schroeder, GN and Hilbi, H. 2008. Molecular 

pathogenesis of Shigella spp. Reprinted with permission (33).  

 

 

 

  



 

10 
 

V. Shigella pathogenesis  

Shigella causes infection after ingestion of as low as 10-100 organisms (36). It is 

passively transported into the stomach through host peristalsis where it up-regulates acid 

resistance systems to enable its survival in the low-pH environment (37). Shigella also 

causes the down-regulation of host antimicrobial peptides (AMPs), i.e. beta-defensin-1 and 

anti-microbial peptide LL31 (38) and continues through the gastrointestinal tract with little 

consequence.  

The invasion process, which was best characterized in the rabbit ileal loop model 

of infection, is initiated when Shigella is transcytosed through microfold cells (M-cells), 

specialized epithelial cells that sample antigen into the Peyer’s Patches (PP), [reviewed in 

(33)]. In the intraepithelial dome of the PP, resident macrophages phagocytose Shigella 

where it can alter its LPS structure to minimize TLR4 and early immune recognition (39, 

40). Shigella then rapidly induces the disruption of the phagocytic vacuole preventing 

fusion with the phagolysosome and bacterial degradation with the release of T3SS effectors 

(41). IpaB then activates Caspase-1 resulting in an initiation of macrophage death, by either 

apoptosis or pyroptosis, characterized by a decrease in intracellular ATP, loss of 

mitochondrial membrane potential and chromatin condensation (41-45). The dying 

macrophage releases the organism accompanied by pro-inflammatory mediators including 

IL-1β and IL-18 as in pyroptotic death (42, 46). While IL-1β participates in the massive 

inflammatory processes characteristic of Shigella spp. infection, IL-18 activates Natural 

Killer (NK) cells to promote IFN-γ release which is essential for clearance of shigellosis 

(47-51).  
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Upon macrophage apoptosis, Shigella is released on the basolateral side of the 

epithelial layer where it induces epithelial cell (EC) uptake through micropinocytosis 

[reviewed in (33)]. The T3SS then mediates the lysis of the phagocytic vacuole within 15 

minutes (46). Here, Shigella establishes its replicative niche and inhibits autophagy, 

effectively evading immune recognition (45). Infection is accelerated by VirG-mediated 

cell-to-cell spread via host actin polymerization avoiding the extracellular environment 

(35). Shigella thereby replicates to high bacterial loads until EC lysis occurs [reviewed in 

(33)].   

During the invasion and replication process within EC, bacterial peptidoglycan 

(PGD) is released, activating the intracellular sensor NOD1 leading to NFκB signaling, IL-

8 secretion and recruitment of polymorphonuclear neutrophils (PMN) [reviewed in (33, 

52)]. Recruited neutrophils undergo Shigella-induced apoptosis, which exacerbates the 

infection through the release of inflammatory mediators that destroy the integrity of the 

intestinal epithelial layer thereby allowing Shigella to directly infect more EC (53-57). 

Shigella also loosens EC tight junctions and secretes ShET1 and ShET2 to further enhance 

the diarrheagenic process [reviewed in (33, 52)]. The severe inflammation (Figure 1.3)  and 

damage to the gut results in the watery diarrhea that occurs early in infection, as well as 

the cramps, mucoid and scant bloody stools characteristic of shigellosis.   
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Figure 1.3 Shigella invasion and pathogenesis adapted from Barry EM, Pasetti MF, 

Sztein MB, Fasano A, Kotloff KL, Levine MM. 2013. Progress and pitfalls in Shigella 

vaccine research. Nat Rev Gastroenterol Hepatol. Apr;10(4):245-55. Shigella passes 

through M-cells, induces macrophages lysis and then invades the epithelial layer activating 

the innate and adaptive immune systems (13).  

 

Shigella 
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VI. Shigella immune responses in infection models  

The use of animal models has greatly enhanced our understanding of Shigella 

pathogenesis and virulence, as well as host mechanisms that lead to protection from disease 

but are limited in recapitulating human disease. There are four primary animal models of 

Shigella infection including the mouse, rabbit, guinea pig and non-human primate (NHP). 

These models have advantages and disadvantages related to the inherent host susceptibility, 

route of infection, practicality, etc. (Table 1.2).  
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Table 1.2. Animal models of Shigella infection. 

Animal 

model 

Infectious 

Route 

Pathology Advantages Disadvantages Refs 

Rabbit 
Ligated 

Ileal loop 

Small 

intestine 

infection 

Gut infection 

with a lot of 

available 

immunological 

resources 

Larger animal 

with a tedious 

surgery 

requirement 

for infection 

(45, 49, 55-

57, 59-60) 

Guinea 

Pig 

Intra-

ocular 

kerato-

conjunctivtis 

Easily visible 

infection 

Larger animal 

with few 

immunological 

resources.   

Does not 

recapitulate 

human 

infection 

(61)  

Mouse 
Intra-

nasal 

Lung 

infection 

Small, 

inexpensive 

animal with  

available 

immunological 

resources 

Lung infection 

does not 

accurately re-

capitulate 

human 

infection 

(42, 62-65, 

67-70, 72-77) 

NHP Oral 
Gut 

infection 

Most closely 

resembles 

human infection 

Large, 

expensive 

animal with a 

high ID50 

(109-1011 

CFU) 

(58) 
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Rabbits 

Rabbits orally infected with Shigella do not develop shigellosis (59). However, 

infection of ligated ileal loops results in bacterial invasion that is characteristic in human 

infection (Table 1.2). Studies in this model have demonstrated that Shigella has the 

capacity to down-regulate AMP cathelicidin and CAP-18 (a homolog of human LL-37 

which is down-regulated during human infection (38)); further, induction of CAP-18 

expression prior to infection resulted in significantly decreased tissue destruction (60). Pre-

treatment of rabbits with human lactoferrin (LF), an AMP that sequesters iron, also 

prevented Shigella infection (61). In vitro studies have also demonstrated that LF can 

induce host-cell-mediated degradation of IpaB and IpaC (62). These data indicate that the 

down-regulation of AMP may be required for effective host invasion (60, 61).  

To investigate the importance of innate immunity in protection, rabbits treated with 

anti-CD14 antibodies to prevent TLR4 activation, experienced significantly enhanced 

invasion of the ileal loop indicating that TLR4 activation is important to initiating clearance 

(63, 64). However, the exact cell types in which TLR4 activation contributes to immunity 

have not been fully elucidated (63, 64). To determine the impact of early cytokines in 

Shigella infection, rabbits were treated with compounds to prevent cytokine signaling. 

Rabbits pre-treated with recombinant IL-1 receptor antagonist (rIL-1RA) to block IL-1 

signaling had significantly reduced PMN infiltration and ileal inflammation after infection 

(50). This indicates that IL-1β promotes tissue destruction and participates in the colonic 

damage associated with infection. On the other hand, while inflammation was decreased, 

bacterial burden in IL-1RA treated rabbits increased. A similar trend occurred when other 

pro-inflammatory pathways were blocked. Rabbits treated with an anti-IL-8 antibody had 
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significantly decreased destruction and ileal inflammation with enhanced bacterial burden 

throughout the lamina propria (53). These data therefore demonstrate that blocking of the 

inflammatory pathways decreases tissue destruction and ameliorates the short-term 

presentation of the disease, but this comes at the expense of efficient bacterial clearance.  

Guinea Pigs 

Sereny Test: This model has been used to test the phenotype and pathogenicity of 

live attenuated Shigella mutants as potential vaccine candidates. It has also been used to 

determine immunogenicity and protective efficacy. The guinea pig ocular epithelium is 

similar to the gut mucosal epithelium, and administration of Shigella in the eye of guinea 

pigs results in purulent infection (kerato-conjunctivitis) and inflammation that can be 

scored based on severity [reviewed in (65)].  

Rectocolitis: A more recent guinea pigs model where animals are infected through 

the anus to induce a colitis of the rectum more closely resembles human infection (66). 

Symptoms of this infection model include dysentery and tenesmus, a contraction at the 

anus. However, the use of guinea pigs is limited and not amenable to decipher mechanisms 

of immunity due to the limited immunological tools available (Table 1.2).  

Mice 

 Shigella infects the lungs of mice following intra-nasal inoculation causing a lethal 

infection. Because of the abundance of genetic and immunological tools, mice are used to 

study Shigella infection, immunity, vaccine candidates and potential therapeutics.    
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Mice: Innate immunity 

The role of cytokines in Shigella infection has been investigated in knockout (KO) 

mouse strains. Infected IL-1β KO mice had milder infection when compared to WT, 

implying that an unchecked host IL-1 response may be responsible for some of the 

inflammation and pathogenesis associated with Shigella infection (67).  

Mouse macrophages infected with Shigella undergo apoptosis and activate nearby 

NK cells to produce IFN-γ (67, 68). IFN-γ-secreting NK and αβ T-cells have been shown 

to reduce bacterial load (47, 68, 69). IFN-γ knockout mice sub-lethally infected with 

Shigella also exhibited higher bacterial burden compared to WT mice (69). In support of a 

role for IFN-γ in clearance, Shigella actively down-regulates production of IFN-γ by NK 

cells early during infection, although levels increase during convalescence (69). 

Mechanistically, IFN-γ signaling cascade in EC was demonstrated to negatively regulate 

Shigella replication (70). 

Mice: Adaptive immunity 

Adaptive immune responses, in humans, are initiated when Shigella antigens are 

trafficked from the Peyer’s patches to local lymph nodes (LN) through antigen presenting 

cells (APC) i.e., macrophages and/or dendritic cells (DC) [reviewed in (71)]. DC then 

activate naïve cognate T-cells. Mouse CD8+ T-cells do not migrate efficiently to the lungs 

(70, 72, 73). Shigella can also invade activated but not resting T-cells and induce apoptosis 

(72). CD4+ T-cells of the Th17 subset participate in protection against re-infection in WT-

mice although the mechanisms and roles of the Th17 subset are not defined (74). In support 

of evidence indicating that T-cells are not primary immune mediators in the clearance of 
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Shigella, T-cell knockout mice (ΔCD3) immunized with SSW202, an attenuated strain of 

S. flexneri 2a 2457T, survived lethal challenge demonstrating that T-cells are not required 

for bacterial clearance in this model (75). On the other hand, B cell KO mice succumb to 

challenge (75). 

During Shigella infection, B-cells mature in germinal centers after priming by 

antigens in the local lymph nodes and Peyer’s Patches. B-cells residing in the gut lamina 

propria could also be activated by local antigen up-take. B-cell KO mice immunized 

intranasally with SSW202 did not survive lethal challenge indicating that B-cells were 

essential to protection from Shigella infection (75). Because the primary function of B-

cells is to synthetize high affinity antibodies, it would appear that antibodies are essential 

to protection. B-cells produce antibody after their receptors (BCR) bind to antigen resulting 

in B-cell maturation (71, 76). Elevated levels of IgA and IgG antibodies have been 

associated with protection in multiple mouse vaccine-challenge studies (77-81). IgA, 

because it is the primary mucosal antibody, was hypothesized to be a central immune 

mediator in protection from Shigella in mice. However, IgA KO mice vaccinated with 

SSW202 survived lethal challenge demonstrating that IgA does not play a primary role and 

suggesting that possibly the other adaptive antibody, IgG, is responsible for antibody 

mediated protection (82). Further, the observations that mice born to Shigella vaccinated 

mothers (cross fostered to a naïve mother so that they would only receive IgG via placenta) 

were protected from experimental infection further supports the role of IgG in bacterial 

clearance in the mouse model [unpublished data Heine et al., (77)]. Such protection can 

only be ascribed to systemic, maternally derived IgG that somehow is present at the lung 

mucosal epithelial surface [reviewed in (83)].  
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NHP 

 Shigella infection of NHP is the most relevant model of human infection currently 

available to study the pathogenesis, immunity and vaccine efficacy. One major difference 

with humans is the exceedingly large doses, e.g. 109-1011 CFU,  that are required to induce 

disease (58). NHP infection has been used to demonstrated sero-type specific protection 

and identify Shigella-specific enterotoxins. The expense associated with the purchase and 

maintenance of these animals, and the impracticality of NHP procedures prevents the use 

of this model in basic laboratory studies. 

Immune responses to Shigella in humans   

Innate immunity 

Neutrophils rapidly accumulate in the gut soon after Shigella infection (56, 84). 

These early neutrophils undergo apoptosis (55, 57, 85). Following an early wave, 

additional neutrophils are recruited to the colon and participate in microbial clearance 

through phagocytic killing although this switch from apoptosis to fully active phagocytes 

is poorly defined (56, 86). Mucosal associated invariant T-cells (MAIT) also have the 

ability to kill EC infected with Shigella, although their roles in protection have not been 

elucidated (87).  

Adults infected with Shigella have increased levels of the inflammatory cytokines 

IL-1β, TNF-ɑ, TNF-β, IL-6 and perforin in the GI tract (88). LF, myeloperoxidase, 

prostaglandin E2 and leukotriene B4 have been detected during the acute phase of 

shigellosis in the stools of infected young children (89). As mentioned above, IFN-γ levels 

are lower during acute infection as compared to convalescence, which suggests that this 
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cytokine may participate in bacterial clearance in both animal models and humans (48). As 

a result of the slow IFN-γ production, IL-12 is upregulated slowly in infected adults 

possibly delaying the initiation of protective immune responses (48).  

Adaptive Immunity 

Seroepidemiological studies have demonstrated that antibodies against LPS and Ipa 

increase after infection and are at the highest levels during disease convalescence (18, 90). 

Specifically, in infected adults, antibodies against both LPS and Ipa are markedly increased 

two weeks after infection (90-92). Both IgA and IgM LPS-specific antibodies then return 

to baseline levels 10 weeks after infection while anti-LPS IgG levels fall over the course 

of a few months if subsequent exposures do not occur (90, 91, 93-95). Secretory IgA anti-

LPS responses are detectable within two weeks of infection and return to pre-infection 

levels within three months (96). Similar serological antibody trends against LPS are also 

apparent in children (95, 97), with the difference being that they have slower and reduced 

LPS-specific responses when compared to adults (96). In endemic regions, LPS-specific 

IgG titers are acquired with age, reach a plateau early in childhood and remain high 

throughout life (98, 99, 100). In contrast to LPS-specific antibodies, Ipa-specific antibody 

levels remain elevated in people living in developing countries (90, 91).  

In endemic regions, the incidence of Shigella among young children increases when 

they no longer breastfed  (98, 99). According to data in the GEMS study, infants have lower 

incidents of MSD due to Shigella than toddlers (9). Because infants acquire maternal 

antibodies through placenta and breast-milk (98, 100), studies have examined the presence 

of Shigella-specific antibodies. Anti-Shigella LPS antibodies have been detected both in 
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infants and breast-milk from mothers living in endemic regions (99-103). Aside from these 

epidemiological observations, no mechanism by which maternal immunity protects infants 

has been elucidated and the immunological effectors are unknown.  

Activation of cell-mediated immune responses has also been reported in individuals 

with shigellosis although their exact contribution to protection is not known. Rectal 

biopsies from infected individuals demonstrate that cytokines associated with the 

activation of cell-mediated immunity are up-regulated during infection including TGF-β, 

IL-10, IL-4, and TNF-β (88). TGF-β was significantly upregulated as well as expression 

of TNF-α and IFN-γ in peripheral blood mononuclear cells (PBMC) of Shigella 

convalescent patients (48) (96). TNF-α was also measured in serum of individuals shortly 

after the initial excretion of Shigella. Despite the induction of cytokine responses and their 

marked increases during convalescence, their contribution to immunity is not fully 

understood especially given that Shigella induces the apoptosis of 43% of T-cells at the 

site of infection (104). Taken together, human studies support a dominant role for 

antibodies specifically IgG and a non-specific role for T-cells in protection against 

shigellosis.  

VII. Shigella vaccines 

There are no licensed Shigella vaccines. Several strategies are being employed to 

develop safe and effective candidates. These approaches include vaccines that generate 

species/sub-species-specific immunity, e.g. live-attenuated, killed-whole cell or O-

polysaccharide based vaccines, or vaccines aimed at inducing broad-spectrum immunity 
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against all Shigella spp. based on homologous, cross-protective antigens [reviewed in (13, 

14)].  

Investigators from CVD, Walter Reed Army Institute of Research (WRAIR) and 

Pasteur Institute have pioneered the development of live-attenuated strains. The CVD has 

produced a series of live vaccines which include: 1) CVD 1204, a derivative of S. flexneri 

2a 2457T with a genomic deletion in the guanine biosynthesis (∆guaBA) genes (105); 2) 

CVD 1208, a derivative of  CVD 1204, with additional deletions in the sen and set 

enterotoxin loci encoding Shet1 and Shet2 (105); and 3) CVD 1208S, derived from CVD 

1208 and grown on animal-free media (106). CVD 1208 and 1208S prevented infection in 

the kerato-conjunctivitis guinea pig model (105, 106). They were both tested in Phase I 

and II clinical trials and also found to be safe and immunogenic in adult American 

volunteers (105-108).  

Investigators at WRAIR developed a series of live-attenuated S. sonnei vaccine 

strains based on VirG deletions. These vaccines (WRSs1, WRSs2 and WRSs3) were 

immunogenic and conferred protection  in mice and guinea pig models and were also safe 

in human Phase I studies with moderate levels of protection in adults in endemic regions 

[reviewed in (13, 14)]. WRAIR also led an effort to develop another Shigella vaccine called 

Invaplex comprised of LPS, and recombinant IpaB, IpaC, IpaD and VirG. This vaccine 

was fed to adult volunteers and, while safe, the efficacy against S. flexneri 2a challenge 

was modest, around 20% [reviewed in (109)].  

Similarly, the Pasteur Institute developed a series of attenuated strains which 

included S. flexneri 2a SC602, with deletions in the plasmid-borne virulence gene IcsA 
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(mediating intra-and intercellular spread) and the chromosomal locus iuc (encoding 

aerobactin) [reviewed in (13, 14)]. This vaccine was immunogenic and protective in North 

American volunteers but failed to induce immune responses in young children living in 

Bangladesh (110).   

O-polysaccharide-based vaccines provide serotype-specific immunity. S. flexneri 

2a and S. sonnei OPS were complexed with Neisseria meningitidis outer membrane 

proteasomes and found by Paswell and colleagues to induce protective responses in animal 

models (111). LPS from S. flexneri 2a and S. sonnei were conjugated to recombinant 

Pseudomonas aeruginosa Exotoxin A protein (EPA) or recombinant Corynebacterium 

diphtheria toxin mutant (CRM9) to induce T-dependent responses. These vaccines were 

administered parenterally to humans of a wide range of ages (2 to 10 years old)  (112-114). 

In Phase IIB studies, the OPS conjugates protected against shigellosis in adults in an 

endemic challenge model (112, 113). However, when these vaccines were tested in young 

children less than two-years of age, the most vulnerable group, little to no protection was 

observed (115). New technologies to develop Shigella OPS conjugates such as 

bioconjugation have yielded safe and immunogenic vaccine candidates (116).  

Vaccine approaches that aim to induce broad-spectrum immunity include mixtures 

of heat-killed or live-attenuated strains. Vaccination with heat-killed serotypes was 

performed by Kaminski et al., and protective immunity was achieved against all the 

included strains in mice and guinea pigs (117). A single sero-type heat-killed vaccine was 

safe and immunogenic in humans (117). Further, immunization of dams with heat killed 

strains induces passive protection of pups in a neonatal mouse infection model (77).  
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Protein antigens that are conserved across all Shigella spp. represent an alternative 

method to inducing broad-spectrum immunity. While LPS is unique for each species, outer 

membrane and TTSS proteins are generally conserved. Mice vaccinated with Shigella 

rough mutants strains which had the immunogenic outer region of LPS removed, were 

protected against lethal challenge with multiple serotypes (118). Outer membrane vesicle 

vaccination also induces heterologous protection in mice in a similar manner (80). 

Immunization with a mixture of live-attenuated S. flexneri strains was safe, immunogenic 

and protective across multiple species in the guinea pig model (119). Vaccination with 

conserved proteins such as IpaB alone or IpaB and IpaD protected mice challenged with 

homologous and heterologous strains (78, 79). Plans are underway for a Phase I human 

study of IpaB-IpaD subunit fusion.  

VIII. Human correlates of protection against shigellosis  

Reduced incidence of disease was associated with elevated LPS-specific serum IgG 

levels in seminal studies in Israeli soldiers (90, 120, 121). During Shigella outbreaks, 

higher levels of serotype-specific serum IgG antibodies against LPS were higher in 

asymptomatic individuals when compared to those who exhibited symptoms of disease 

(121). High levels of serum IgG and IgA antibodies against LPS were also indicative of 

protection in a vaccine field trial where volunteers were administered a Salmonella strain 

expressing S. sonnei LPS (122). These associations were further supported by EcSf2a-2 

(123) and SC602 vaccine-challenge studies (124). Despite the evidence supporting a 

primary role for LPS-specific immune responses in protection, no protective levels have 

been identified. Further studies in Israeli volunteers also demonstrated that anti-LPS levels 

only partly reflect naturally acquired protective immunity and that the length of exposure 
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to an environment with frequent outbreaks was more strongly associated with reduced 

incidence of disease (125).Thus, the identification of correlates of protection against 

shigellosis is important for the adequate assessment of immunity and to assist in the 

development of efficacious vaccines. 

IX. Human antibodies: structure and anti-microbial functions 

Humoral immune responses, specifically, in the form of IgG antibodies, are 

believed to play an important role in protection against shigellosis in humans.  IgG binds 

to its cognate antigen through the antigen-specific Fab region. Upon antigen binding, the 

constant Fc region of the antibody stimulates down-stream signaling that promotes 

microbial clearance through the following antibody functional pathways (Table 1.3): (1) 

IgG induces the classical pathway of complement activation which provides a high affinity, 

pathogen-specific response. IgG results in C1qrs activation and deposition of cascading 

complement molecules on the bacteria surface which ultimately leads to the formation of 

the membrane attack complex (MAC), a pore that disturbs osmotic balance and causes 

osmotic lysis. (2) IgG initiates pathogen-specific phagocytosis by phagocytic cells (Table 

1.4). IgG can stimulate Ig receptors on macrophages, NK cells, granulocytes and 

neutrophils leading to phagocytosis and pathogen degradation via the phagolysosome. The 

various FcR have different affinities and are expressed on different and overlapping 

phagocytes to result in specific downstream effects (Table 1.4). (3) IgG can also bind to 

pathogen virulence mediators thereby preventing their functions and forming immune 

complexes.  
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IgG is composed of four subclasses and all possess these functions to varying 

degrees (Table 1.3). For example, IgG3 has the highest affinity for the complement protein 

C1qrs. IgG1 and IgG3 are both the most potent inducers of phagocytosis. IgG1 has the 

strongest virulence neutralizing potential followed by IgG2 and IgG3. IgG2 is primarily 

induced in response to carbohydrate antigens whereas IgG1, IgG3 and IgG4 are elicited by 

protein antigens (reviewed in (126-128)). IgG1 is the highest expressed subclass in 

comparison to the other IgG molecules. IgG is capable of all the functions reviewed above 

in serum and mucosal secretions and is not site restricted like secretory IgA (sIgA). 
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Table 1.3. Antibody class and function. 

 IgG1 IgG2 IgG3 IgG4 IgA1 IgA2 IgM 

Avg. serum 

(%) 
67% 22% 7% 4% 15%  10% 

Extravascular 

diffusion 
++++ ++ +++ + +++sIgA  + 

Antigen/ toxin 

neutralization 
++++ +++ +++ +++ ++ ++ ++ 

Opsonization +++ + ++ + ++ ++ + 

Complement 

activation 
++ + +++ - - - ++++ 

Phagocyte 

binding/ 

activation 

+++ + +++ ++ ++ ++ - 

NK cell 

sensitization 

for killing 

++++ - ++++ + - - - 

Refs Reviewed in (126-128) 
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Table 1.4. Ig receptors 

CD 

name 

Common 

Name 

Affinity Distribution Refs 

CD16 FcγRIII 2*10-6 M 
Granulocytes, macrophages, 

neutrophils, NK cells 

Reviewed 

in (126-

128) 
CD32 FcγRII 5*10-7 M 

B-cell, eosinophils, granulocytes, 

macrophages 

CD64 FcγRI 1*10-8 M 
Monocytes, macrophages, activated 

neutrophils 

CD89 FcαR  PMN, monocytes, DC 
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X. Antibody functions in shigellosis 

Because antibodies, specifically IgG, are believed to play a central role in clearance, 

exploring antibody functions in the context of shigellosis may potentially reveal 

mechanisms of immunity and correlates of protection.  Individuals infected with Shigella 

have been shown to develop circulating serum antibodies with the capacity to activate the 

complement cascade in vitro (129-132). Further, zinc supplementation enhanced Shigella-

specific antibody-dependent complement-mediated bactericidal activity in children living 

in endemic regions (133). Individuals with Shigella-septicemia have decreased 

complement-mediated bactericidal activity when compared to individuals with 

uncomplicated shigellosis (134). Serum antibodies from convalescent individuals and from 

individuals living in endemic regions had the ability to enable Fc receptor bearing cells 

such as macrophages and neutrophils to engulf Shigella (132, 135). FcR-mediated 

neutrophil phagocytosis also resulted in oxidative bursts and killing (135). To further 

support a role for phagocytes, neutrophil function is altered in children with complicated 

shigellosis, i.e. enhanced attachment (84) and neutrophils mediate bacterial clearance from 

shigellosis. These data indicate that antibody dependent complement-mediated and 

phagocytic killing likely represent immune mechanism that target Shigella and play a role 

in bacterial clearance. Despite this evidence, the relationship between IgG antibodies, anti-

microbial functions in vitro, and clinical protection in vivo remain to be investigated.  

XI. Functional antibody assays  

Assays have been established to detect the presence of functional pathogen-specific 

antibodies that induce killing via complement and phagocytic pathways, which are known 
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as serum bactericidal antibody (SBA) and opsonophagocytic killing antibody (OPKA) 

activity assays, respectively (136, 137). The SBA assay measures the bacterial killing 

activity of serially diluted serum incubated with the target bacterium and reconstituted baby 

rabbit complement (BRC). SBA titers have been correlated to protection against Vibrio 

cholera (138), Neisseria meningitides (139-141) and Haemophilus influenza (142, 143). 

OPKA measures the ability of serum antibodies to induce opsonophagocytosis and killing 

by macrophages. In this assay, serial dilutions of serum are incubated with the target 

bacterium and added to pro-myelocytic HL-60 cells differentiated toward a macrophage 

lineage. Serum antibodies opsonize the organism and a small percentage of BRC allows 

for the deposition of complement fragments to engage both FcR and complement receptors 

on HL-60 macrophages. OPKA activity correlates with protection against Streptococcus 

pneumoniae infection (144, 145). Although SBA and OPKA have been used to evaluate 

protective immunity against various pathogens, they have not been used to examine 

responses against Shigella and their associations with clinical protection are unknown. In 

this dissertation, we will address these gaps in knowledge and investigate the anti-microbial 

activities of antibodies associated with clinical protection against shigellosis in humans.  

XII. Specific aims 

The goal of this dissertation is to investigate functional antibody responses to 

Shigella spp., including complement activation and phagocytic killing, and examine their 

association with clinical protection against shigellosis in humans. We hypothesized that 

these anti-microbial functions of Shigella-specific antibodies were associated with 

protection. We also sought to examine the application of functional antibody assays to 

individuals living in endemic areas and to clinical vaccine studies in humans and animal 
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models of Shigella infection to assess their immune status. We then explored the 

involvement of different antigens that may be the target of functional antibodies. Thus, the 

aims of this project were to (1) characterize the anti-microbial activity of Shigella-specific 

antibodies induced by infection and vaccination, (2) investigate associations between 

functional and antigen-specific antibodies and disease severity and (3) define the antigenic 

specificity of functional antibodies and mechanisms by which they contribute to bacterial 

clearance.   
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Chapter 2: Defining anti-microbial functions of Shigella-specific antibodies 

Introduction 

 

Infection with Shigella spp. results in the production of high levels of serum 

antibodies [reviewed above]. How these antibodies participate in bacterial clearance and 

prevent infection has not been defined. Previous studies have demonstrated that anti-

Shigella antibodies in convalescent serum can activate complement and promote 

phagocytosis by macrophages and neutrophils (132, 133, 135). Complement-activation and 

phagocytic killing antibodies represent correlates of protection against other pathogens 

including Vibrio cholera (138, 146), Haemophilus influenzae type B (147), Neisseria 

meningitidis (140), and Streptococcus pneumoniae (148). The bactericidal activity of 

antibodies against some of these pathogens has been shown to be facilitated by anti-LPS 

antibodies (149-151). Serum LPS-specific IgG antibody levels have also been associated 

with clinical protection in naturally exposed individuals and reduced attack rates against 

shigellosis during outbreaks(90, 111, 113, 120, 121, 124). Given the precedent and 

potential value of functional antibodies in predicting disease outcome, we optimized SBA 

and OPKA assays with quantitative endpoints that allowed the measurement of Shigella-

specific antibody content in serum. 

In a standard SBA assay, serum antibodies that recognize the specific pathogen, 

opsonize the target organism and initiate the complement cascade (137, 139, 140, 152). A 

MAC is subsequently formed on the surface of the target bacterium, which leads to osmotic 

lysis. Similarly, in the OPKA assay, serum antibodies opsonize the bacterial target strain 

promoting BRC fragment deposition, phagocytosis and killing by HL-60 macrophages 
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(151, 153). HL-60 cells are a pro-myelocytic cell line that can differentiate into 

macrophages in the presence of dimethylformamide (DMF). Assay endpoints are presented 

as the percent of bacteria killed in a single dilution or the reciprocal of the serum dilution 

that results in 50% bacterial killing.  

This chapter focuses on the optimization of the quantitative SBA and OPKA assays 

for measurement of Shigella-specific functional antibodies.  

 

Materials and Methods 

Human samples and immunizations 

Human serum samples tested herein were obtained from healthy adult community 

volunteers who participated in a Phase I study conducted by Dr. Karen Kotloff, M.D. U.S. 

Individuals 18-40 years old were immunized orally with a single dose of CVD 1208S, a 

ΔguaBA, S. flexneri 2a 2457T mutant strain which harbors additional attenuating deletions 

in the genes encoding ShET 1 and 2, Δsen and Δset described earlier in Chapter 1, or 

received placebo (n=2) (106). Serum samples were obtained on days 0 and 28 post-

vaccination. The clinical studies and laboratory tests were approved by the UMB 

Institutional Review Board (IRB, CICERO HP-00060221). Only specimens from 

volunteers that had consented to future studies were included in the analysis. 

 

Bacterial growth  

S. flexneri 2a 2457T (obtained from Dr. Eileen Barry, CVD) was streaked on tryptone soy 

agar (TSA) and incubated overnight at 37°C. Single colonies (12 colonies in 50 mL) were 

propagated in animal product free Lennox Broth (APF-LB, Sigma, St. Louis, MO) to early 
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log phase (OD600=0.20±0.02). Bacteria were diluted in phosphate-buffered saline (PBS) 

for SBA assays or in opsonophagocytic buffer (OPB) consisting of Hanks balanced salt 

solution supplemented with Ca2+ and Mg2+ (Gibco, Grand Island, NY) containing 1% 

gelatin (Sigma) and 5% heat-inactivated fetal bovine serum (Gibco) for OPKA assays. 

 

SBA assay.  

We adapted and optimized SBA assays that were described in the literature (140, 147). 

Serum samples were heat-inactivated at 56°C for 45 minutes to eliminate natural 

complement activity. Serum was then diluted 1:130 in PBS and 150 µL were added to 

duplicate wells of a U-bottom 96 well plate. 75 µL of PBS was added to all of the 

subsequent wells for serial dilutions. 75 µL were taken from the 1:130 dilution and added 

to the next well containing 75 µL of PBS. A total of 8 serial two-fold dilutions were tested 

for each sample. Bacteria (500 CFU in 10 µL determined by TSA plating) were added to 

each well. Serum samples and bacteria were incubated for 15 minutes at room-temperature 

to allow for binding. Baby rabbit complement (25 µL) (BRC, Pel Biologicals, Rogers, AR) 

was added to each well for a final concentration of 22%. Negative-control wells containing 

only bacteria and BRC (no serum) were included in each assay. The final serum dilution 

was 1:200 and the total reaction volume was 110 µL. Plates were then incubated for one 

hour at 37°C shaking at 200 rpm to allow for complement-mediated bacterial killing.  The 

numbers of viable CFU were determined by plating 10 μl of the reaction mixture on TSA 

and counting the colonies after overnight 37°C incubation. The percent of bacteria killed 

was determined by [1-(ratio of surviving bacteria/total bacterial per well)] x100. SBA titers 

were calculated, defined as the reciprocal of the serum dilution that resulted in 50% 
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bacterial killing using the Reed-Muench regression analysis. Each serum sample was run 

on at least two different days and SBA titers were averaged. After optimization, positive-

control serum with high bactericidal activity (mean SBA titer ± SD = 2,815 ± 237), were 

included in each assay. 

 

OPKA assay 

We adapted and optimized the basic OPKA assay using previously described formats (149, 

153). Heat-inactivated serum samples were diluted 1:10 in OPB, and 20 μl of this serum 

dilution was added to 96-well U-bottom plates (Fisher Scientific) and further diluted 2-fold 

in 10 μl of OPB (for a total of 8 dilutions). S. flexneri 2a 2457T (500 CFU in 10 μl) was 

added to each well and the serum-bacterium mixture was incubated for 15 min at 37°C. 

Subsequently, BRC (10 μl) and 1 × 105 DMF-differentiated HL-60 cells (ATCC CCL-240) 

resuspended in 70 μl were added to the reaction mixture (for a 100-μl total volume and an 

initial 1:100 serum dilution) and the plates were incubated for 45 min at 37°C, 5% CO2. 

The numbers of viable CFU were determined by plating 10 μl of the reaction mixture on 

TSA and counting the colonies following overnight incubation at 37°C. Negative-control 

wells containing bacteria (no serum), BRC, and DMF-differentiated HL-60 cells or bacteria 

and BRC were included in each assay. The percentage of bacteria that were phagocytosed 

and killed per well was determined by the equation [1 − (number of surviving bacteria/total 

number of bacteria)] × 100. OPKA titers were determined as the reciprocal of the serum 

dilution that produced 50% bacterial killing based on Reed-Muench regression analysis. 

Serum samples were tested and plated in duplicate; these four data points per serum 
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dilution were averaged for titer calculations. After optimization, a positive-control serum 

with high OPKA activity (mean titer ± SD = 1,650 ± 124) was also included in each assay. 

Results 

Establishment of assay conditions. We established SBA and OPKA assays to measure 

Shigella-specific functional antibodies in human sera. Paired serum samples from two 

CVD 1208S vaccine recipients obtained before (non-immune) and after vaccination 

(immune) were used for assay optimization. To identify the best assay conditions, different 

amounts of complement (baby rabbit), bacteria (S. flexneri 2a 2457T), HL-60 cells, and 

multiple serum dilutions were tested (Figures 1 and 2). Increasing amounts of complement 

(0-40%) in the SBA reaction resulted in higher bacterial killing; 25 µl (22%) allowed better 

discrimination of SBA activity between immune and non-immune sera (Figure 2.1.B). 

Similarly, 1x105 of DMF-differentiated HL-60 cells allowed for more sensitive 

determination of OPKA activity (Figure 2.2.A). A starting serum dilution of 1:200 was 

selected for both assays to minimize non-specific killing (Figure 2.1.A and 2.2.B). 

Representative curves of SBA and OPKA activity for the positive and negative controls 

used throughout the study (in the final assay configuration) are shown in Figures 2.1.C and 

2.2.C. SBA and OPKA killing decreased proportionally with increasing serum dilutions. 

Almost negligible SBA and OPKA killing (≤20%) were observed in non-immune (pre-

vaccination) sera (Figures 2.1.C and 2.2.C).  

 

Determination of SBA and OPKA endpoint titers. SBA and OPKA activity is typically 

reported in the literature as bacterial killing at a single serum dilution. However, the 
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demonstration of reduced viability is not useful to compare antibody content in different 

samples or to assess immune responses post vaccination or infection. Such analysis 

requires determination of endpoint titers. In our assays, these were  calculated as the inverse 

of the serum dilution that correspond to 50% killing using  the Reed-Muench regression 

analysis (154). The same method has been employed in other functional assays (153). SBA 

and OPKA activity for the negative control (non-immune) serum was negligible whereas 

high SBA and OPKA titers were observed in immune sera (Figures 2.1.C and 2.2.C). The 

SBA and OPKA seroconversion endpoint titers of 200 to 2,815±237 and 200 to 1650±124, 

respectively. In its final configuration, the assays were reproducible with coefficients of 

variation (CV) from 8 independent experiments of 8.4% and 7.5% for SBA and OPKA, 

respectively. 
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Figure 2.1. Shigella-specific SBA assay optimization. The percentages of organisms 

killed were determined using different serum dilutions (A) and amounts of BRC tested (B) 

during assay optimization. Paired individual serum samples from two volunteers obtained 

before (non-immune) and 28 days after (immune) immunization with Shigella vaccine 

strain CVD 1208S were used for assay optimization. Each assay included a negative 

control containing all reagents except serum. Boxes represent the optimal conditions. 

Curves show SBA (C) activity using the optimized assays; data represent mean percent 

killing±SEM of four independent assays. The intersection of dashed lines exemplifies SBA 

titers, calculated as the reciprocal of the serum dilution that produces 50% Shigella killing 

using Reed-Muench regression analysis. 
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Figure 2.2. Shigella-specific OPKA assay optimization. The percentages of organisms 

killed were determined using different amounts of HL-60 cells (A) and serum dilutions (B) 

tested during assay optimization. Paired individual serum samples from two volunteers 

obtained before (non-immune) and 28 days after (immune) immunization 

with Shigella vaccine strain CVD 1208S were used for assay optimization. Each assay 

included a negative control containing all reagents except serum. Boxes represent the 

optimal conditions. Curves show OPKA (C) activity using the optimized assays; data 

represent mean percent killing ± SEM of four independent assays. The intersection of 

dashed lines exemplifies OPKA titers, calculated as the reciprocal of the serum dilution 

that produces 50% Shigella killing using Reed-Muench regression analysis. 
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Conclusions 

In this chapter, we have described the successful optimization of quantitative 

Shigella-specific SBA and OPKA assays. The assays were reproducible, sensitive (allowed 

us to demonstrate a clear response post-vaccination), and specific (no SBA and OPKA 

activity was detected in non-immune sera). 
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Chapter 3: Functional and antigen-specific antibodies correlate with protection in a 

controlled human challenge study.  

Introduction 

Considering the precedent of vaccine-induced functional antibodies representing 

serological correlates of protection against other bacterial pathogens [reviewed in (155)], 

we hypothesized that antimicrobial activities of Shigella-specific antibodies, including 

complement-mediated killing and opsonophagocytosis, might be associated with clinical 

protection against shigellosis.  

As explained above, LPS antibody levels against specific serotypes have been 

associated with decreased incidence of diarrhea and disease in studies conducted in Israeli 

soldiers (90, 120, 121, 125). However, LPS-specific IgG titers only partly reflected 

naturally acquired protective immunity; the length of exposure to outbreaks was more 

strongly correlated with reduced incidence than LPS titers alone (90, 120, 121, 125). 

Studies comparing immunological responses in Swedish and Vietnamese dysenteric 

patients, supported a lesser although relevant role for LPS-specific antibodies in 

convalescence from shigellosis and proposed a primary function for antibodies against Ipa 

T3SS components (91, 93-95, 156).  

In the previous chapter, we described the establishment of SBA and OPKA assays 

to study Shigella-specific functional antibodies in human sera. To investigate a potential 

association between functional antibodies and clinical protection, we measured SBA and 

OPKA titers in archived sera from a Phase IIB vaccine-efficacy study conducted in the 

early 1990s at the CVD by Dr. Karen Kotloff (157). In this study, a total of 15 volunteers 
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were orally administered EcSf2a-2, a Shigella vaccine consisting of an E. coli K-12 strain 

carrying the S. flexneri 5a virulence plasmid and 2a OPS synthesis genes. Twenty-eight 

days post vaccination, vaccinated subjects along with 13 non-vaccinated subjects were 

recruited for an inpatient challenge with virulent organisms to determine vaccine efficacy 

(157). SBA and OPKA titers were measured in all the sera of enrolled volunteers before 

and after challenge. In these same samples, we also measured levels of IgG and IgG 

subclasses specific for S. flexneri 2a LPS, IpaB, IpaC, IpaD, and VirG. Antibody, SBA and 

OPKA titers were all compared with clinical protection data.  

 

Materials and methods 

Clinical studies and serum samples.  

The serum samples examined in this chapter were obtained during a Phase IIB Shigella 

challenge study that included 15 adult subjects previously vaccinated with EcSf2a-2, an E. 

coli K12 aroD mutant vaccine strain carrying the S. flexneri 5a virulence plasmid 

(encoding the type III secretion system and intracellular spread proteins) and chromosomal 

genes encoding the S. flexneri 2a O-polysaccharide, as well as 13 newly recruited 

unvaccinated controls (15). The vaccinated group received four oral doses of EcSf2a-2 

(7x108 CFU per dose) on days 0, 3, 14 and 17 (157). One month after the last vaccine dose, 

these individuals as well as the unvaccinated controls (n=28 total) were orally fed 1x103 

CFU of wild-type strain S. flexneri 2a 2457T; detailed challenge procedures are described 

elsewhere (15). Disease symptoms and signs, including body temperature, stool 

consistency and the presence of blood were monitored during the five-day in-patient 

observation period following challenge, after which all volunteers received a full course of 
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ciprofloxacin. We used a categorical outcome-based post-challenge disease index (DI) 

based on peak oral body temperature, daily number of bloody and loose stools, and total 

daily volume of stools during the observation period, as previously described (123). Based 

on severity, bloody stools, loose stools, stool volume, and maximum body temperature 

were assigned a 0-3 score. A score of 0 was attributed to subjects who did not have bloody 

stools, loose stools or body temperature <100.2°F; a score 1 was assigned to those with 1-

2 bloody stools, 1-2 loose stools, stool volume < 500 mL or temperature 100.2-102.0°F; a 

score of 2 denotes 3-10 bloody stools, 3-10 loose stools, stool volume 500-2L or 

temperature between 102.0-104.0°F, and a score of 3 indicates >10 bloody stools, >10 

loose stools, stool volume > 2 L or a temperature > 104°F. The DI was defined based on 

the sum of these scores, which ranged from 0-12, for each individual. A DI: 0 was assigned 

to individuals with total score 0; DI: 1 (mild disease) to subjects with score 1-4; DI: 2 

(moderate disease) to those with score 5-9 and DI: 3 to subjects with scores 10-12. Serum 

was obtained before, as well as 28 days post-challenge. The clinical studies and laboratory 

testing were approved by the University of Maryland Institutional Review Board (CICERO 

HP-00060221). 

 

Bacterial growth. 

S. flexneri 2a 2457T was grown as previously described in Chapter 2.  

 

Enzyme linked immunosorbent assay (ELISA). 

Human serum IgG antibodies specific for S. flexneri 2a LPS, IpaB, IpaC and IpaD were 

measured as previously described (105, 106). Briefly, Immulon II 96-well U-bottom plates 
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(Thermo Lab Systems, Halethorpe, MD) were coated with antigen as follows in 100 µL at 

37⁰C for three hours as follows: S. flexneri 2a LPS were diluted in carbonate coating buffer, 

pH 9.6, at a concentration of 5 µg/mL. For IpaB, IpaC and IpaD, recombinant proteins 

were diluted in PBS at a concentration 0.1 µg/mL. VirG was diluted in carbonate coating 

buffer, pH 9.6, at a concentration of 2 µg/mL. S. flexneri 2a 2457T protein lysate was 

coated at 5 µg/mL in carbonate coating buffer, pH 9.6. After coating plates were washed 

six times in PBS/0.05% Tween 20 and blocked overnight in 10% non-fat dry milk 

(Nestle)/PBS at 4⁰C. After washing, plates were loaded with 100 µL of serially diluted 

serum samples in 10% milk/PBS/0.5% Tween 20 and incubated at 37⁰C for one hour. 

Plates were washed as indicated above and then incubated with HRP-labeled goat α-human 

IgG (Jackson ImmunoResearch, Westgrove, PA) diluted 1:10,000 to detect human serum-

specific antibodies. Plates were washed and then incubated with 3,3’,5,5’-

tetramethylbensidine (TMB) peroxidase substrate solution (KPL, Gaithersburg, MD) for 

15 minutes at room temperature and stopped with sulfuric acid to detect bound HRP-

conjugated antibodies. Titers were calculated as the inverse of the serum dilution at 

produced an absorbance value of 0.2 above the background and were reported EU/mL. 

Seroconversion was defined as a ≥4-fold increase in post-vaccination titers over baseline 

(90, 91). Positive sera for controls were from a pool of serum from previous clinical trials. 

 

SBA and OPKA assays.  

The SBA and OPKA assays were conducted as previously described. 
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Statistical analysis.  

Associations among immune responses, measures of disease severity and vaccination 

status were evaluated using the Spearman-rank correlation (because these variables were 

generally not normally distributed), linear regression analysis, Mann-Whitney U-test, two-

way ANOVA, and Wilcoxen-signed rank test. A p-value ≤0.05 was considered statistically 

significant.  Analyses were performed using GraphPad Prism 6 (GraphPad Software, Inc., 

La Jolla, CA) and NCSS 8 and 10 (Number Cruncher Statistical Systems, Kaysville, Utah). 

Statistical analyses were performed under the direction of Dr. William Blackwelder, Ph.D. 

Results 

Serum samples from a human Shigella challenge study were used to investigate SBA 

and OPKA activity and correlation with clinical protection. To determine a potential 

association between functional antibodies and protection against shigellosis, we examined 

sera from human adult volunteers who had received a hybrid Shigella-E. coli EcSf2a-2 

vaccine candidate (n=15) and from non-vaccinated controls (n=13), all of whom were 

experimentally challenged with S. flexneri 2a 2457T. SBA and OPKA titers were measured 

immediately before challenge and compared with clinical outcomes after challenge. In this 

clinical trial, the EcSf2a-2 vaccine provided only weak (and not statistically significant) 

protection against clinical illness: out of the 15 vaccine recipients, 7 were healthy or had 

mild disease, while the remaining 8 experienced moderate to severe disease (157). 

However, from the 13 unvaccinated controls, about half of them (n=7) remained healthy 

or had mild disease after challenge. At the time the study was performed, this “natural” 

protection in controls was attributed to pre-existing immunity, as some of the volunteers 

were veterans of exposure. Because this was an in-patient, controlled, human challenge 
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study (one of few performed with Shigella in the last 20 years), volunteers were carefully 

observed and very detailed clinical data was available. Hence, despite the lack of vaccine 

efficacy per se, the study provided well characterized specimens and clinical information 

from volunteers who experienced a range of disease signs after experimental infection, 

making it suitable to explore associations between serological data and disease outcome.  

 

Higher pre-challenge SBA and OPKA titers correlate with decreased disease severity  

SBA and OPKA titers measured in EcSf2a-2 vaccine recipients and unvaccinated controls 

at the time of challenge were examined for a potential association with four indicators of 

disease severity post-challenge: total numbers of dysenteric stools, loose stools, stool 

volume, and maximum body temperature (Figures 3.1). Elevated SBA and OPKA titers 

were significantly associated with decreased numbers of dysenteric (Figures 3.1 A and B) 

and loose stools (Figures 3.1 C and D), as well as with lower stool volume post-challenge 

(Figures 3.1 E and F). SBA and OPKA titers were also negatively but not significantly 

associated with maximum body temperature post-challenge (Figures 3.1 G and H). SBA 

and OPKA titers were also compared among individuals who experienced different disease 

severity post-challenge using disease index categories that take into account peak body 

temperature, daily number of bloody and loose stools, and total daily volume of the loose 

stools during the observation period (as described in Materials and Methods) (Figures 3.2 

A and D). This method provides a summary of disease outcome that is helpful to visualize 

associations with immune parameters. Both SBA and OPKA titers were significantly and 

negatively correlated with disease index (Figures 3.2 B and E). Volunteers presenting with 

healthy to mild disease after challenge (DI: 0-1) had higher SBA and OPKA titers at the 
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time of challenge as compared to those who experienced moderate and severe disease (DI: 

2-3, Figures 3.2 C and F). Importantly, results were in agreement, regardless of whether 

disease index or individual disease parameters were compared with functional antibody 

titers. 
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Figure 3.1. Elevated pre-challenge SBA and OPKA titers correlated with reduced 

disease severity. SBA and OPKA titers were measured in serum of U.S. adult volunteers 

immunized with Shigella vaccine EcSf2a-2 (n=15) and non-vaccinated controls (n=13) 

prior to challenge with virulent S. flexneri 2a. SBA and OPKA titers were compared with 

disease outcomes post-challenge: dysenteric stools (A, E), loose stools (B, F), stool volume 

(C, G) and temperature (D, H). Plots show Spearman’s correlations (r-value coefficient). 

For all analyses, p value ≤0.05 was considered significant. 
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Figure 3.2. Elevated pre-challenge SBA and OPKA titers are associated with 

decreased disease severity. SBA (A) and OPKA titers (D) in EcSf2a-2 vaccine recipients 

(n=15) and non-vaccinated controls (n=13) were correlated with Disease Index (DI) post-

challenge using linear regression analysis (r2- and p-values indicated on plots) (B and E). 

The DI after challenge were as follows: 6/28 volunteers remained healthy (DI:0); 8/28 had 

mild disease (DI:1); 8/28 experienced moderate disease (DI:2) and 6/28 were severely ill 

(DI:3). Titers were further grouped and compared based on disease severity (healthy to 

mild disease, DI: 0-1 and moderate to severe disease, DI: 2-3) using Mann-Whitney U-test 

(C, F). Asterisks indicate significant difference between groups p<0.05. 
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Higher pre-challenge IpaB- and VirG-specific IgG titers correlate with decreased 

disease severity. To determine whether antigen-specific antibodies were associated with 

protection, serum IgG titers against S. flexneri 2a LPS, IpaB, IpaC, IpaD, and VirG were 

measured in EcSf2a-2 recipients and in non-vaccinated controls before challenge and 

compared with disease outcome. A significant negative correlation was observed between 

IpaB- and VirG-specific IgG levels and number of dysenteric (Figures 3.3 A and 3.4 A) 

and loose stools (Figures 3.3 B and 3.4 B), stool volume (Figures 3.3 C and 3.4 C), and 

maximum body temperature (Figures 3.3 D and 3.4 D). Elevated IpaB and VirG IgG levels 

were associated with decreased disease severity (Figures 3.3 E and 3.4 E). Subjects with 

moderate to severe disease (DI: 2-3) had significantly lower IpaB- and VirG-specific IgG 

than those who remained healthy or experienced mild disease (DI: 0-1) as shown in Figures 

3.3 F and 3.4 F. We further examined the IpaB and VirG IgG subclass distribution (Figures 

3.3 G and 3.4 G) and found that IpaB- and VirG-specific IgG1 titers were significantly 

increased in asymptomatic (DI: 0) subjects as compared with those who were severely ill 

(DI: 3) (Figures 3.3 G and 3.4 G), whereas IgG2, IgG3, and IgG4 were present at very low 

or negligible levels. IpaB- and VirG-specific IgG1 (but not IgG2-4) were correlated with 

decreased disease severity (Figures 3.3 H and 3.4 H). IpaC and IpaD antibodies were 

detected pre-challenge in 10 of the 28 enrolled subjects, but were not correlated with 

disease outcome (data not shown). All serum samples were tested for S. flexneri 2a LPS-

specific serum IgG but no associations were observed between anti-LPS titers and any of 

the disease parameters post-challenge (Figures 3.5 A-F).  Although there were previous 

indications that IpaB correlated with protection (123), we are the first group to report a 

correlation with VirG-specific antibodies and the IgG1 subclass against both of these 
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antigens. In contrast to our hypothesis, IpaC-, IpaD- and LPS2a-specific IgG levels did not 

correlate with protection. 
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Figure 3.3. IpaB-specific IgG titers are associated with reduced disease post-

challenge. Spearman’s correlation plots of IpaB-specific IgG and IgG subclass titers before 

challenge compared with number of dysenteric (A) and, loose stools (B) stool volume 

(L/day) (C) and maximum temperature post-challenge (D).  Linear regression analysis of 

IpaB-specific IgG and IgG1 titers vs. DI (E, H). Data represent individual titers, r2 and p-

value. IpaB-specific IgG titers were grouped to show statistical significance, Mann-

Whitney U-test, p<0.05 (F). IpaB-specific IgG subclass titers in symptomatic and 

asymptomatic individuals, Mann-Whitney U-test p<0.05 (G).  
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Figure 3.4. VirG-specific IgG titers are associated with reduced disease post-

challenge. Spearman’s correlation plots of VirG-specific IgG and IgG subclass titers 

before challenge compared with number of dysenteric (A) and, loose stools (B) stool 

volume (L/day) (C) and maximum temperature post-challenge (D).  Linear regression 

analysis of VirG-specific IgG and IgG1 titers vs. DI (E, H). Data represent individual titers, 

r2 and p-value. VirG-specific IgG titers were grouped to show statistical significance, 

Mann-Whitney U-test, p<0.05 (F). VirG-specific IgG subclass titers in symptomatic and 

asymptomatic individuals, Mann-Whitney U-test p<0.05 (G).   
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Figure 3.5. LPS-specific IgG titers are not associated with reduced disease post-

challenge. LPS-specific IgG titers were measured in serum from EcSf2a-2 vaccinated 

(n=15) and naïve (n=13) volunteers before challenge. LPS-specific IgG titers were 

compared with disease parameters post-challenge: dysenteric stools (A), loose stools (B), 

stool volume (C) and body temperature (D) using Spearman-rank correlation (r-value 

coefficient) and with DI post-challenge using linear regression analysis (r-2 and p-value). 

Titers were further grouped and compared based on disease severity (healthy to mild and 

moderate to severe) using Mann-Whitney U-test, p>0.05 (B). LPS-specific IgG subclass 

titers in symptomatic and asymptomatic individuals (G). 
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Correlations among antibody responses and their associations with disease severity. 

VirG- and IpaB-specific IgG titers were significantly associated with each other (r=0.80, 

p<0.01, Figure 3.6 A). Likewise, SBA and OPKA titers were significantly associated 

(r=0.90, p<0.01, Figure 3.6 B). In further examining co-associations between antigen-

specific IgG, functional antibody titers, and disease outcome, three serological trends were 

identified in volunteers who remained healthy or experienced mild disease after challenge 

(DI: 0-1): 1) elevated IpaB-specific IgG (> 1500 EU ml-1), 2) elevated SBA titers (> 200), 

or 3) both (Figure 3.6 C). The presence of both elevated IpaB and SBA titers was the most 

stringent, not met by any of the volunteers who experienced moderate to severe disease 

(Figure 3.6 C, upper right quadrant), the majority of whom had IpaB titers below 1,500 EU 

ml-1 and SBA titers below 200 end-point (Figure 3.6 C, lower left quadrant). The same 

trends applied to OPKA and VirG, i.e. volunteers who remained healthy or experienced 

mild disease after challenge had elevated OPKA (> 200) or VirG-specific serum IgG titers 

(> 700 EU ml-1) or both (Figure 3.6 D), as well as the combinations SBA/VirG and 

OPKA/IpaB (data not shown).  

 

Multiple logistic regression modeling of disease severity. Logistic regression models 

were fit to disease severity, collapsed to two categories (less severe for DI: 0-1, more severe 

for DI: 2-3). Previous EcSf2a-2 vaccination was almost equally prevalent in these two 

groups (7/14 in the less severe and 8/14 in the more severe), so vaccination status was not 

included in the modeling. As explained above, EcSf2a-2 provided only weak and not 

statistically significant protection against clinical illness after challenge (157). After 

considering log10-transformed pre-challenge LPS, SBA, OPKA, IpaB, and VirG as 
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covariates, higher IpaB (p=0.03) and SBA titers (p=0.03) remained associated with less 

severe disease. In another model, higher OPKA (p=0.02) and VirG titers (p=0.04) were 

significantly associated with less severe disease. These results are consistent with the 

observed trends described above (Figure 3.6 C and D). 
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Figure 3.6. Serological trends associated with reduced disease. Associations between 

IpaB- and VirG-specific serum IgG titers (A), and between SBA and OPKA titers (B) in 

EcSf2a-2 vaccine recipients and non-vaccinated controls prior to challenge. Serological 

trends of IpaB and SBA titers (C) and VirG and OPKA titers (D) associated with disease 

severity; grey circles represent individuals who remained healthy or had mild symptoms 

post-challenge (n=14) and red circles represent those who experienced moderate to severe 

disease (n=14), dotted lines represent IpaB-specific IgG titers ≥ 1,500 EU mL-1, VirG titers 

≥ 700 EU mL-1, and SBA and OPKA titers ≥ 200 end-point.    
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Functional and antigen-specific antibody responses post-challenge 

SBA and OPKA titers (Figure 3.7 A and B), as well as IpaB- and VirG-specific IgG (Figure 

3.7 C-D), were also measured in all subjects 28 days post-challenge to determine the 

breadth of serological responses following infection in relation to pre-existing immunity 

and disease outcome. Post-challenge titers were compared with those measured 

immediately before challenge, and seroconversion rates were calculated for each DI group. 

We hypothesized that individuals who experienced severe illness (indicative of a stronger 

infection) would respond more vigorously than those who had no or mild disease. Indeed, 

SBA and OPKA titers increased significantly only in individuals who experienced 

moderate to severe disease (DI: 2 and 3), with seroconversion rates between 83-100% 

(Figure 3.7 A and B), whereas no seroconversions were detected among those who 

remained healthy (DI: 0). Healthy individuals also failed to respond to IpaB and VirG. 

However, different from the functional antibody responses, significant increases in IpaB 

and VirG titers after challenge were seen in subjects with mild (DI: 1) as well as in those 

with moderate disease (DI: 2), but not in those with severe disease (DI: 3), although half 

of the severely ill seroconverted for IpaB IgG (Figure 3.7 C and D). In summary, pre-

existing protective immunity hindered serological responses post-challenge, and the 

strength of bacterial infection influenced the type of antibodies produced, favoring 

increases in antibodies with functional, anti-microbial activity.    
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Figure 3.7. Functional and antigen-specific antibodies induced after S. flexneri 2a 

challenge. SBA (A), OPKA (B), IpaB- (C) and VirG-specific IgG titers (D) pre- and 28 

days post-challenge in groups with different disease index. Data represent individual titers 

from all challenged individuals (n=28) plus mean + SEM. Asterisks indicate statistically 

significant differences as determined by Mann-Whitney U-test (p<0.05). Numbers on top 

represent subjects that seroconverted (> 2-fold SBA and OPKA titers and > 4-fold IpaB- 

and VirG-specific IgG titers) over total and percent seroconversion (in brackets).   
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Conclusions. In this chapter, we determined that the presence of functional antibodies, 

including SBA and OPKA titers, as well as IpaB- and VirG-specific IgG and IgG1 titers 

prior to challenge were associated with decreased disease severity against shigellosis using 

a disease index and disease signs after challenge. Interestingly, LPS-, IpaC- and IpaD-

specific IgG titers did not correlate to protection.  

This is the first demonstration that functional and IpaB- and VirG-specific IgG and 

IgG1 antibodies are associated with protection against shigellosis. Functional antibody 

assays measure the presence of high avidity functional antibodies. The functions of 

protective IpaB- and VirG-specific IgG are not known; however, IgG1 promotes pathogen 

opsonization to prevent pathogenesis. Because IpaB mediates invasion and VirG 

intracellular spread, IgG1 antibodies may potentially prevent these pathogenic functions. 

Interestingly, we did not find a significant association between S. flexneri 2a LPS-specific 

IgG titers and reduced disease in our study. This could be due to differences in the 

populations studied, ours being U.S. adult volunteers whose exposure to Shigella is rare 

and therefore antibody levels against the LPS antigen wane quickly as opposed to 

individuals living in areas of endemicity where frequent exposure boosts LPS antibodies.   
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Chapter 4: Applications of functional antibody assays to an endemic population and 

clinical vaccine studies 

Introduction 

In this chapter, we investigated whether the SBA and OPKA assays could be used 

to determine immunogenicity of Shigella vaccine candidates in humans and naturally 

acquired immunity to Shigella in individuals living in endemic regions.  Specifically, we 

investigated: SBA and OPKA titers 1) in adult U.S. volunteers orally immunized with 

leading live-attenuated vaccine candidates in Phase I and Phase II clinical studies 

conducted at the CVD and 2) in pregnant women from Malawi; these samples were 

obtained during a longitudinal cohort study to study maternal immunity and protection of 

infants against shigellosis.  

 

Materials and methods 

Clinical studies and serum samples.  

The serum samples examined in this chapter corresponded to: 

1) A Phase I clinical study in which adult volunteers between the ages of 18-40 received a 

single oral dose (1x107 CFU) of candidate vaccine CVD 1204 (n=7), a S. flexneri 2a mutant 

strain which harbors deletions in the guanine nucleotide synthesis pathway ΔguaBA, or 

placebo (n=2) (105).   

2) Phase I and Phase II studies in which adult volunteers between the ages of 18-40 received 

an oral dose of 1x107 CFU of candidate vaccine CVD 1208S (n=23), a S. flexneri 2a strain 

2457T mutant which harbors additional attenuation conferred by deletions in the genes 

ΔguaBA, Δsen, Δset encoding ShETs 1 and 2, or placebo (n=2) (106). In both the CVD 



 

62 
 

1204 and CVD 1208 studies, serum samples were obtained before, as well as 28 days post-

vaccination. Only volunteers who consented for future use of specimens and from whom 

there were sufficient pre- and post-vaccination sera were included in the serological 

analyses. The clinical studies and laboratory testing were approved by the UMB IRB 

(CICERO HP-00060221).  

3) A longitudinal study, under the direction of Dr. Miriam Laufer, M.D., investigating the 

presence of functional and antigen-specific serum antibodies against Shigella in mothers 

and their infants in Malawi, Africa. Maternal serum samples used herein were obtained 

during pregnancy and from the infants at birth. The clinical studies and laboratory testing 

were approved by the UMB IRB (CICERO HCR-HP-00053691). 

 

Bacterial growth. 

S. flexneri 2a 2457T was grown as previously described.  

 

SBA and OPKA assay.  

The SBA and OPKA assays were conducted as previously described. 

Results 

The induction of functional antibodies after live-attenuated vaccination. To investigate 

the capacity of leading vaccine candidates to induce functional antibodies and to 

demonstrate the applicability of these functional assays to distinguish candidates based on 

their immunogenicity, SBA and OPKA titers were measured in serum samples from adult 

volunteers who received a single oral dose of live attenuated vaccine strains CVD 1204 

(n = 7) or CVD 1208S (n = 23) in CVD clinical studies, before and 28 days after 
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vaccination (105, 106). Prior to vaccination, about half of the enrolled (17 of 30) subjects 

had positive SBA titers (endpoint, ≥200) (Figure 4.1). Among the CVD 1204 recipients, 

response rates 28 days post-vaccination were 71% (5 of 7) for SBA and 57% (4 of 7) for 

OPKA (Figure 4.1 A and C); except for one subject (the same in both assays), vaccine-

induced SBA and OPKA responses were seen in individuals who had pre-vaccination SBA 

and OPKA titers below an endpoint titer of 200. Following CVD 1208S vaccination, the 

response rates were somewhat lower, i.e., 47% (11 of 23) for SBA and 35% (8 of 23) for 

OPKA (Figure 4.1 B and D), but were also observed mainly in subjects who had low pre-

vaccination titers. Subjects who had SBA titers below 200 (endpoint) before or after 

vaccination also had OPKA titers of <200 (endpoint). SBA and OPKA were tested in 

placebo recipients included in the CVD 1208S study, and none had detectable responses 

(data not shown). These results confirm the suitability of SBA and OPKA to evaluate and 

even discriminate vaccines based on their capacity to elicit functional humoral immunity. 
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Figure 4.1. SBA and OPKA antibody responses induced by oral vaccination with live 

attenuated S. flexneri 2a vaccines. SBA (A and B) and OPKA (C and D) titers in serum 

samples from adult U.S. volunteers orally immunized with 107 CFU of CVD 1204 (n = 7) 

or CVD 1208S (n = 23) vaccine strains before and 28 days after vaccination. The numbers 

represent the percentage of subjects that seroconverted over the total number of subjects. 

 

  



 

65 
 

Measuring the Shigella functional and antigen-specific antibodies in an endemic 

population. To investigate the presence of functional and antigen-specific antibodies 

against Shigella in an endemic population, we measured IpaB-, VirG-, and S. flexneri 2a 

and sonnei 53G LPS (as these strains represent the more prevalent serotypes circulating in 

endemic regions)-specific IgG titers in serum and paired cord blood (representing their 

paired infant) from mothers from Malawi, Africa. Maternal serum had high titers of IpaB-

, VirG-, LPS-specific IgG and SBA titers (Figure 4.2). These same antigen-specific 

antibodies were transferred in utero as they were detected, at similar levels in umbilical 

cord blood (Figure 4.2). Interestingly, IpaB- and VirG-specific IgG antibodies were 

transferred to infants at higher levels than both 2a or 53G LPS-specific antibodies.  IpaB 

IgG levels in cord blood were significantly higher than IgG levels against both  LPS (Figure 

4.2). The maternal serum also exhibited SBA activity; SBA titers in cord blood samples 

are currently being assessed (Figure 4.2).  
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Figure 4.2. Antigen-specific and SBA serum from Malawian mothers and cord blood 

samples. IpaB-, VirG-, S. flexneri 2a and sonnei 53G LPS -specific IgG and SBA titers 

were determined in mothers and in their paired cord blood samples (n=16). M represents 

maternal and CB cord blood. Asterisk represents p<0.05 by a one-way ANOVA.  
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Conclusions.  

These results confirm the suitability of SBA and OPKA assays to evaluate and even 

discriminate vaccines based on their capacity to elicit functional humoral immunity. This 

is the first demonstration of antibodies with anti-microbial activity in human adult 

volunteers that were recipients of live-attenuated Shigella vaccine candidates. We also 

demonstrated the applicability of SBA and OPKA assays to detect functional antibodies in 

individuals living in an endemic region including mothers and infant.  
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Chapter 5: Applications of functional antibody assays to pre-clinical vaccine studies 

Introduction 

In this chapter, we utilized functional antibody assays to assess immune responses 

in NHPs immunized with a Shigella-ETEC vaccine in the presence or absence of pre-

existing immunity. The experiment was designed as a prime-boost strategy in which rhesus 

macaques received an oral dose of CVD 1208S or placebo followed by two subsequent 

doses of Shigella-ETEC vaccine candidate, CVD 1208S-CFA1/CS3 (attenuated S. flexneri 

2a expressing ETEC antigens CFA1 and CS3). The priming strategy (with a dose of CVD 

1208S or placebo) aimed to model the presence and absence of pre-existing immunity prior 

to vaccination with a Shigella-ETEC vaccine to investigate potential interference in the 

resulting Shigella-ETEC immunity. Bacterial shedding and immune responses, including 

Shigella and ETEC functional, as well as antigen-specific antibodies and antibody 

secreting cells were measured before and after vaccination. 

 

Materials and Methods 

NHP and immunizations. 

16 juvenile rhesus macaques, weighing 2.3-3.2 kg, were purchased from Three Spring 

Scientific and confirmed to be negative for S. flexneri 2a LPS-specific IgG and IgA serum 

antibodies prior to initiating the study. For orogastric immunization, animals were 

anesthetized with ketamine and feeding tubes (40 cm) were inserted for immunization. 

Bicarbonate buffer (2 mL) was flushed through the tube to neutralize stomach acid. The 

vaccine dose (1 mL) was delivered with bicarbonate buffer (2 mL) followed by additional 

bicarbonate buffer (3 mL). Eight NHPs received 1x109 CFU CVD 1208S and eight separate 
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NHPs received placebo on day 0. On days 35 and 49 after initial vaccination, all NHP 

received 1x109 CFU of CVD 1208S-CFA1/CS3. Health assessments were conducted daily 

post vaccination. Stool samples and blood were collected prior to immunization and at 

regular intervals up to 63 days post-immunization. NHP studies and procedures were 

approved by the UMB SOM IACUC. 

 

Bacterial growth. 

S. flexneri 2a 2457T was grown as previously described. For NHPs vaccination, CVD 

1208S and CVD 1208S-CFA1/CS3 were grown on TSA agar supplemented with 0.005% 

guanine (Sigma) and 0.01% Congo red (Sigma) at 37°C for 24 h as previously described 

(158, 159). Cultures were then harvested and washed in bicarbonate buffer under aseptic 

conditions and diluted to a final concentration of 1x109 CFU mL-1. 

 

Microbiological specimen processing.  

Stools were harvested from NHPs daily after immunizations and diluted in PBS. Serial 

dilutions were plated on TSA agar plates supplemented with 0.005% guanine (Sigma) and 

0.01% Congo red (Sigma) and incubated at 37°C overnight. Viable counts were determined 

and total CFU were calculated.  

 

Antibody Secreting Cells (ASC) counts.  

Shigella (LPS2a and IpaB)- and ETEC (CFA1 and CS3)-specific ASC were enumerated 

using an ELISpot assay previously described (106) except for the detection antibody, which 
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was HRP labeled goat anti-NHP IgG or IgA (Accurate Chemical Company, New York) 

used at 1:2000 dilution. 

 

ELISA. 

Antibodies specific for S. flexneri 2a LPS, IpaB, IpaC and IpaD were measured as 

previously described (105, 106) except for the detection antibody: HRP-labeled goat anti-

NHP IgG or IgA (Research Diagnostics, New Jersey) was used at a dilution of 1:5,000. 

 

SBA assay.  

The SBA assay was conducted as previously described in previous chapters, starting at a 

1:800 dilution (due to the high level of non-specific killing in non-human primate samples).  

 

Hemagglutination inhibition (HAI) antibodies assay. 

The assay was performed as previously described (159, 160). ETEC strain H10407 was 

grown on CFA agar to induce expression of fimbriae overnight at 37°C. Bacteria were re-

suspended in PBS to an OD600=1.0±0.1. Human erythrocytes isolated from whole blood 

were washed three times and re-suspended in PBS at 5%.  25 μL of bacteria was incubated 

with 25 μL diluted serum for 5 min and mixed by pipetting. 25 μL of 10 mM D-mannose 

and 25 μL of type-A RBC were added to the serum-coated bacteria and gently mixed. The 

reaction was observed for a period of 1-5min for HAI and compared to a no serum control.  

 

Statistical analysis.  
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Significance differences in mean responses between the vaccinated groups were 

determined using a Wilcoxen-signed rank test. A p-value ≤0.05 was considered statistically 

significant.  Analyses were performed using GraphPad Prism 6 (GraphPad Software, Inc., 

La Jolla, CA) under the direction of Dr. William Blackwelder, Ph.D. 

 

Results 

Immunizations. A prime-boost strategy was used to model Shigella-ETEC vaccination in 

the presence or absence of pre-existing immunity. Immunizations and groups were as 

follows: eight rhesus macaques were orally primed with live attenuated strain CVD 1208S 

(“Shigella”) on day 0, while eight control NHPs received bicarbonate buffer as placebo 

(Figure 5.1 A).  Thirty-five days after this initial priming dose, all animals received an oral 

dose of CVD 1208S CFA1-CS3 (“Shigella-ETEC,” n=8) vaccine and a subsequent dose 

was administered on day 49 after the initial priming (Figure 5.1 A).  

 

Vaccine shedding and humoral responses to CVD 1208S priming. After initial 

vaccination, CVD 1208S was recovered from all eight vaccinated animals on day seven 

post-vaccination (Figure 5.1 B). At the peak excretion time, the mean number of organisms 

recovered was 104 CFU per gram of stool (Figure 5.1 C). Animals that received placebo 

had no Shigella organisms in stool (Figures 5.1 B and C). Following initial CVD 1208S 

vaccination, animals developed IgG (Figure 5.2 A) and IgA (Figure 5.3 A) ASC responses 

one week post vaccination against LPS (Figures 5.2 B and 5.3 B). They also developed 

LPS-specific serum IgG (Figure 5.4 A) and IgA (Figure 5.5 A) that reached a plateau 14 

days post-vaccination (Figures 5.4 B and 5.5 B). All vaccinated animals developed serum 

IgG against IpaB, IpaC and IpaD; titers reached the highest levels between days 10-14 
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(Figure 5.4 C-H). There were no increases in IpaB-specific IgA post-vaccination (Figure 

5.5 C). Shigella SBA titers were detected 28-days after immunization (Figures 5.6 A-B). 

Naïve NHP lacked Shigella- and ETEC-specific ASC and antibody responses (Figures 5.4 

I and 5.6 C). These results demonstrate CVD 1208S-induced immunity in non-human 

primates after a single immunization, including SBA antibodies.  
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Figure 5.1. Immunization schedule and Shigella recovered in stool after vaccination. 

Prime and boost immunization of NHPs with CVD 1208S and CVD1208S-CFA1/CS3; 

days of vaccination are indicated by solid and broken arrows (A). Percentage of NHP with 

Shigella positive stools before (days 0, 35 and 49) and every three days throughout the 

experiment (B) and individual CFU numbers in stool (C).  

N=8 

N=8 

Prime-boost 

Placebo-boost 



 

74 
 

 

Figure 5.2. Shigella antigen-specific IgG ASC after vaccination. Mean ASC responses 

to 2a LPS± SEM (A) and individual values at the indicated time points (B), IpaB (C) and 

CFA1 (E) and individual titers (F) and corresponding individual ASC post-vaccination (B, 

D, and F). Asterisks indicate statistically significant differences between the vaccine 

groups at the indicated day as determined by Wilcoxen signed test (p<0.05). 

 

Prime-boost 

Placebo-boost 
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Figure 5.3. IgA ASC after vaccination. IgA Shigella- and ETEC-specific ASC measured 

after vaccination. Mean ASC responses to 2a LPS±SEM (A) and individual values at time 

point indicated (B), IpaB (C) and CFA1 (E) and individual titers (F) and corresponding 

individual ASC post-vaccination (B, D, and F). Asterisks indicate statistically significant 

differences between the vaccine groups at the indicated day as determined by Wilcoxen 

signed test (p<0.05). 

 

Prime-boost 

Placebo-boost 
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Vaccine shedding and humoral responses to CVD 1208S-CFA1/CS3. Naive and CVD 

1208S-primed NHPs were then vaccinated with two doses of CVD 1208S-CFA1/CS3, on 

days 35 and 49 (Figure 5.1 A). CVD 1208S-primed NHPs did not excrete the vaccine while 

the strain was recovered from 75% of the naïve, unprimed NHPs (Figure 5.1 B). The 

excretion period was a shorter as compared to the duration of shedding for the initial CVD 

1208S vaccination, but the peak shedding was similar: 104 CFU per gram of stool (Figure 

5.1 C).  

Both naïve and CVD 1208S-primed animals elicited LPS- and IpaB-specific IgG (Figure 

5.2 A-D) and IgA (Figure 5.3 A-D) ASC responses. On day 63, the CVD 1208S-CFA1/CS3 

recipients that had been primed with CVD 1208S had significantly higher levels of IgG 

and IgA LPS-specific ASCs compared to unprimed animals (Figures 5.2 B and 5.3 B). 

Immunization with CVD 1208S-CFA1/CS3 did not boost antigen-specific titers in CVD 

1208S-primed NHPs (Figures 5.4 A-H). In contrast, naïve NHPs immunized with CVD 

1208S-CFA1/CS3 induced LPS-, IpaB-, IpaC- and IpaD-specific IgG titers similar to those 

induced after CVD 1208S vaccination (Figures 5.4 C-F). IpaB-specific IgG levels were 

higher in unprimed animals on days 46 and 63 as compared with those primed with CVD 

1208S, possibly due to the lack of boosting by CVD 1208S-CFA1/CS3 and the fact that 

the CVD 1208S-induced antibodies may have started to decline (Figure 5.4 D). LPS-

specific IgA titers developed in unprimed animals after CVD 1208S-CFA1/CS3 

vaccination reaching a plateau titer that was similar to the titer induced by CVD 1208S 

priming, again suggesting lack of boosting of serological responses (Figures 5.5 A-C). We 

did not observe IpaB-specifc serum IgA post vaccination in any of the groups. NHPs also 

failed to develop Shigella SBA antibodies in response to CVD 1208S-CFA1/CS3 
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vaccination (Figures 5.6 A-B). When we examined ETEC antigens, we observed an 

increase of CFA1-specific IgG and IgA ASC post CVD 1208S-CFA1/CS3 vaccination in 

both primed and unprimed NHPs, albeit responses were of low magnitude (3-8 ASC per 

106 PBMC) (Figures 5.2 E-F and 5.3 E-F). Elevated CFA1-specific IgG responses were 

detected in unprimed NHPs following CVD 1208S-CFA1/CS3 vaccination but at lower 

levels in CVD 1208S-primed animals (Figure 5.4 G-H). Similarly, unprimed NHPs 

developed HAI antibodies against ETEC while CVD 1208S-primed animals did not 

(Figure 5.6 C-D). Neither group of NHPs responded to the ETEC CS3 antigen (data not 

shown). These results demonstrate that pre-exiting Shigella immunity interfered with 

immune responses to the Shigella-ETEC vaccine CVD 1208S-CFA1/CS3; serum Ab 

responses to Shigella antigens were blunted, whereas IgG ASC although at low levels, were 

still induced. ETEC antigens were differentially affected suggesting that the Shigella-

ETEC vaccine was overly attenuated. 
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Figure 5.4. Shigella antigen-specific IgG titers after vaccination. Mean IgG titers to 2a 

LPS±SEM before and after vaccination (A) and individual titers at the indicated time points 

(B), IpaB±SEM (C) and individual titers (D), IpaC±SEM (E), IpaD±SEM (F), CFA1±SEM 

(E) and individual titers (F). Data represent geometric mean titer (EU/ml) at each time 

point. Asterisks indicate statistically significant differences between the two vaccine 

groups at the indicated day as determined by Wilcoxen signed test (p<0.05). 

Prime-boost 

Placebo-boost 
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Figure 5.5. Antigen-specific IgA levels after vaccination. Mean IgA titers (EU/mL) 

responses to 2a LPS (A) and individual titers at the time point indicated (B) and IpaB (C) 

were determined in serum from primed, boosted and placebo, primed NHP.  

  

Prime-boost 

Placebo-boost 
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Figure 5.6. Functional antibody titers after vaccination. Shigella-specific SBA (A) and 

ETEC-specific HAI (B). Data represent mean from 8 animals in each group±SEM (A, C) 

individual titers at the indicated time point (B, D). Asterisks indicate statistically significant 

differences between the vaccine groups at the indicated day as determined by Wilcoxen 

signed test (p<0.05).  

  

Prime-boost 

Placebo-boost 
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Conclusions. Vaccination of NHP with CVD 1208S in NHP induced functional SBA 

antibodies. The SBA assay developed can detect immune responses induced by vaccination 

in a NHP model and allowed discernment of differential immunity in animals receiving 

different candidates in a combined vaccination schedule. The reduced shedding of CVD 

1208S-CFA1/CS3 suggests that this strain is more attenuated than CVD 1208S, probably 

due to the metabolic burden imposed by the expression of ETEC antigens.  
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Chapter 6: Specificity of functional antibodies and their potential in vivo functions 

 

Introduction 

 

 In this chapter, we investigated the antigenic specificity of functional antibodies by 

performing SBA assays with different target strains and by testing samples that had been 

pretreated to deplete or inhibit binding of antibodies recognizing the O-polysaccharide and 

surface (outer membrane) proteins (OMP). Using serum samples from naïve and S. flexneri 

2a-immune individuals, we compared the ability of serum antibodies to promote killing of 

(1) S. sonnei, which has homologous OMP and different LPS and (2) S. flexneri 2a vaccine 

strain EcSf2a-2, which has heterologous OMP and homologous LPS. These assays were 

performed using samples that had been pre-treated with O-polysaccharide to remove LPS-

specific antibodies and with S. sonnei to remove OMP-specific antibodies.   

The observed correlation of VirG-specific serum IgG and reduced severity of 

disease in challenged volunteers prompted us to investigate the immunogenicity and 

protective capacity of VirG in a mouse model of mucosal immunization and lung-

challenge. Mice were vaccinated intranasally with increasing doses of recombinant VirG 

along with the mucosal adjuvant E. coli double mutant heat labile toxin (dmLT).  

 

Materials and Methods 

Human samples and immunizations.  

Human serum samples were described earlier in Chapter 3. Sera samples used in this 

chapter were from eight naïve and six vaccinated individuals pre- and 28 days post-
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challenge that experienced moderate to severe disease (n=3) post-challenge (CICERO HP-

00060221).  

 

Bacterial growth. 

S. flexneri 2a 2457T was grown as described. S. sonnei 53G (obtained from Dr. Eileen 

Barry) and EcSf2a-2 (obtained from Dr. Sharon Tenant) were streaked on TSA agar and 

incubated overnight at 37°C to obtain single colonies. Single colonies were propagated in 

APF-LB (Sigma, St. Louis, MO) to OD600=0.60±0.02 and 0.20±0.02, respectively at 37°C 

shaking at 200 RPM.  

 

Serum Complement Assay (SCA). 

5X SCA buffer, composed of 2.5 mL solution B (4.06 g MgCl•6H2O, 6 mL 1 M CaCl2 

and dH2O to 20 mL) and 957.5 mL of solution A (42.66 g NaCl, 4.134 g TA•HCl, 900 mL 

dH2O) (161), was diluted to 1X in dH2O. Sheep Red Blood Cells (sRBC) in Alsever’s 

Solution (Colorado Serum, CO) were diluted in SCA buffer for a 4% solution. Increasing 

amounts of OPS, ranging from 0 to 100 µg, were incubated with 25 µL sRBC for 15 

minutes at room temperature. 22% BRC was then added to the assay wells followed by 30-

minute incubation period on ice and 150 µL of SCA buffer. Plates were centrifuged at 200 

RCF for 10 minutes. The supernatant was used to determine OD540 values. Positive sRBC 

lysis was determined using RBS lysis buffer.  

 

SBA assay using multiple target strains and Ab depleted serum samples 
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SBA activity was measured as previously described. 500 CFU of S. sonnei and EcSf2a-2 

per well were included as target strains. To deplete and inhibit binding of OPS-specific 

antibodies to the target strains, serum samples were incubated with increasing amounts of 

S. flexneri 2a OPS (0.0 µg, 0.5 µg, 1.0 µg to 5.0 µg) for 30 minutes at room-temperature 

and then the reaction proceeded by adding S. flexneri 2a 2457T and BRC as previously 

described. To deplete protein-specific antibodies, we incubated serum samples with 

inactivated S. sonnei prepared as follows: S. sonnei (1 mL of liquid culture suspension in 

19 mL PBS) was incubated rotating in a BSL-2 hood under the ultra-violet light for 45 

minutes to inactivate bacterial replication. Inactivated bacteria were aliquoted into 1 mL 

suspensions and centrifuged at 10,000 RPM for 10 minutes followed by three washes in 

PBS. Bacteria were then re-suspended in 100 µL and incubated with serum samples for 30 

minutes at room-temperature. The supernatant was collected by centrifugation at 10,000 

RPM for 10 minutes and the SBA proceeded by addition of S. flexneri 2a 2457T and BRC 

as previously described. 

 

ELISA. 

ELISA was conducted as previously described.  

Mouse serum IgG levels were measured as described (78) except that an HRP labeled goat 

anti-mouse IgG (Jackson ImmunoResearch), diluted 1: 1,000, were used to detect specific 

antibodies.  

Mice, sample collection, immunizations and challenge. 

Thirty female BALB/c mice 6-8 weeks of age were purchased from Charles River 

Laboratories (Wilmington, MA) and housed in animal BSL-2 facilities. Serum was 
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obtained from retro-orbital bleeding on days 0, 14, 28, 42 and 56 post-vaccination by 

centrifugation at 10,000 RPM for 10 minutes in serum separator tubes. Mice were 

randomly divided into six groups with five mice per group and immunized with increasing 

doses of recombinant VirG 2.5, 5 and 7.5 µg along with 2.5 µg of dmLT (as adjuvant). A 

positive control group received 2.5 µg of IpaB with 2.5 µg of dmLT and negative control 

groups received PBS or 2.5 µg dmLT. The vaccine was administered intranasally (i.n.) in 

a 30 µL volume (15 µL of the vaccine into each nare) on days 0, 14 and 28. 28-days after 

vaccination, mice were challenged i.n. with 5x107 CFU of S. flexneri 2a 2457T from a late 

log phase growth corresponding to approximately 10 mouse LD50 as previously described 

(78). All mouse studies were approved by the UMB SOM Institutional Animal Care and 

Use Committee (IACUC).  

 

Statistical analysis.  

Kaplan Meier Survival Analysis was performed using GraphPad Prism 6 (GraphPad 

Software, Inc., La Jolla, CA). A p-value ≤0.05 was considered statistically significant.   

 

Results 

Bactericidal activity is mediated by both LPS- and OMP-specific antibodies. To 

determine whether antibodies against LPS or OMP contributed to the bactericidal activity, 

SBA activity was measured against three bacterial target strains: S. flexneri 2a 2457T, S. 

sonnei 53G and EcSf2a-2 using sera from three individuals obtained before (non-immune) 

and after Shigella challenge (immune) These three strains vary in both LPS and OMP 

composition as compared to S. flexneri 2a. S. sonnei 53G expresses S. sonnei-specific LPS 
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but OMP that are homologous to S. flexneri 2a. EcSf2a-2, on the other hand, expresses S. 

flexneri 2a-specific LPS but OMP that are heterologous to S. flexneri 2a. Assay conditions 

were first optimized for each of the three bacterial target strains and the percent killing was 

calculated as described earlier.  

Post-challenge sera had SBA activity against all three strains: S. flexneri 2a 2457T, 

S. sonnei 53G and EcSf2a-2 (Figure 6.1 A). However, the killing activity against S. sonnei 

53G and EcSf2a-2 was low (<50%).  These results suggest that antibodies to both anti-

OMP (shared with S. sonnei 53G) and anti-LPS (shared with EcSf2a-2) contributed to SBA 

activity (Figure 6.1 A).  

EcSf2a-2 carries the S. flexneri 5a virulence plasmid and, therefore, expresses 

Shigella OMP IpaB and VirG, which are ≥99% homologous between S. flexneri 2a and 5a. 

Antibodies against these antigens, rather than LPS-specific antibodies, could have 

mediated killing activity against EcSf2a-2. We tested pooled serum from mice vaccinated 

with either IpaB, IpaD and dmLT (n=10) or VirG and dmLT (n=5) to ascertain the SBA 

activity. As a positive control, serum from mice vaccinated with CVD 1208S was used 

(n=10). Both IpaB/IpaD/dmLT and CVD 1208S-vaccinated mouse serum were obtained 

from previous experiments conducted in our lab (78). Sera from mice vaccinated with IpaB, 

IpaD, dmLT or VirG, dmLT lacked SBA activity against S. flexneri 2a 2457T, whereas 

mice vaccinated with CVD 1208S and exposed to S. flexneri 2a 2457T challenge had 

elevated SBA titers (Figure 6.1 B). These data suggest that the LPS-specific antibodies are 

likely responsible for the bactericidal activity against EcSf2a-2 and that IpaB- and VirG-

specific antibodies do not mediate bactericidal activity alone.  
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Figure 6.1. Antibodies that mediate bactericidal activity recognize both LPS and 

OMP. Percent of S. flexneri 2a, S. sonnei and EcSf2a-2 killed was measured in serum 

samples from three volunteers pre- and post-challenge with S. flexneri 2a 2457T, non-

immune and immune, respectively (A). SBA titers against S. flexneri 2a 2457T in pooled 

serum from mice vaccinated with CVD 1208S, IpaB/IpaD, VirG, or  PBS or challenged 

survivors after IpaB and IpaD vaccination (B). Bars represent mean±SEM. Data is 

representative of two experiments. 
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OPS competition with S. flexneri 2a 2457T ablated SBA activity. Before we performed 

the SBA assay with OPS-antibody depletion, an SCA was conducted to determine if OPS 

could activate BRC complement via the alternative pathway resulting in less complement 

available for the killing of the target strain. The SCA assay measures the lysis of sheep red 

blood cells by the release of hemoglobin into the supernatant with exogenous sources of 

complement. We therefore added increasing amounts of OPS, 0.5 μg, 1.0 μg, 5.0 μg, 10.0 

μg and 100 μg, to sRBC and BRC (22%), measured the OD540 and calculated percent sRBC 

lysis by BRC. As a positive control, we coated the OPS-sRBC with immune serum before 

incubation with BRC. 100.0 μg of OPS resulted in an increase in sRBC lysis through 

activation of BRC similar to the positive control (Figure 6.2 A). 10.0 μg of OPS only 

minimally activated BRC while 0.5 μg, 1.0 μg and 5.0 μg of OPS did not initiate BRC 

activation (Figure 6.2 A). Thus, 0.5 μg, 1.0 μg and 5.0 μg of OPS were included in the 

competition assay.  

 OPS was thus incubated with diluted serum prior to the target strain. For 

consistency of results, we used the paired serum samples from pre- and post-challenge used 

in the multi-strain SBA assay. The addition of OPS did not alter SBA activity in pre-

challenge serum (Figure 6.2 B). In post-challenge serum, however, bactericidal activity 

decreased as OPS was added (Figure 6.2 B). Specifically, the addition of 0.5 μg of OPS 

resulted in a significant decrease in bactericidal activity and competition with 1.0 μg and 

5.0 μg of OPS did not further significantly decrease the bacterial killing (Figure 6.2 B). 

To quantify the ability of OPS to sequester LPS-specific antibodies, we modified 

the S. flexneri 2a LPS-specific ELISA by adding increasing amounts OPS immediately 

after the addition of serum to the pre-coated assay plate. 0.5 μg of OPS significantly 
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decreased the binding of LPS-specific antibodies to the capture-antigen resulting in a 

decreased titer, while 1.0 μg and 5.0 μg of OPS did not decrease antibody titers further 

(Figure 6.2 C). These results were similar to OPS-competition SBA assay where the 0.5 μg 

OPS decreased the SBA activity more than the 1.0 μg and 5.0 μg. Quantitatively, OPS 

sequestered approximately 50% of the LPS-specific IgG antibodies in the ELISA (Figure 

6.2 C).  
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Figure 6.2. S. flexneri 2a LPS-specific antibodies contribute to bactericidal activity. 

Serum complement assay (A) measuring the lysis of sRBC with increasing amounts of 

OPS. The percent Shigella killed after OPS competition (B) and ELISA titers (C) with 

increasing quantities of OPS.  



 

91 
 

OMP-specific antibodies contribute to bactericidal activity. Because bactericidal 

activity was not eliminated in the OPS-antibody competition assay, we investigated the 

contributions of OMP-specific antibodies to bactericidal activity. To ablate these 

antibodies, we incubated paired serum samples that we used in the previous assays with 

UV-inactivated S. sonnei 53G. We then quantified antibody absorption using S. sonnei 53G 

LPS, S. flexneri 2a LPS, IpaB and S. flexneri 2a proteins in a lysate ELISAs. We observed 

that (1) S. flexneri 2a LPS-specific IgG antibody levels were not changed after absorption 

(Figure 6.3 A) and (2) S. sonnei 53G LPS-specific IgG levels were reduced approximately 

50% after absorption (Figure 6.3 A). The LPS absorption results suggest that the antibody 

depletion was specific for antibodies that only recognize S. sonnei. (3) IpaB-specific IgG 

antibodies were depleted in the absorbed samples with variable effectives, e.g. one serum 

sample had a 75% reduction, while another was 50%, and 0% in the third (Figure 6.3 A). 

To quantify the reduction in OMP-specific antibodies, we made an S. flexneri 2a protein 

lysate. The lysate was confirmed positive for Shigella proteins IpaB, IpaC, IpaD and VirG 

through silver staining and the use of control recombinant proteins and a S. flexneri 2a 

4243A lysate which lacks these proteins in a SDS-PAGE gel (Figure 6.4). We then 

optimized an ELISA that measured IgG titers against S. flexneri proteins using the lysate 

as the capture antigen. We found that protein-specific antibodies declined after depletion 

(Figure 6.3 A).  

We then determined SBA activity in pre- and post-challenge serum samples pre- 

and post-depletion. Bactericidal killing was not observed in pre-challenge serum and the 

depletion procedure did not change these results (Figure 6.3 B). In post-challenge OMP-

specific antibody depleted serum, we observed a significant decrease in bactericidal 
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activity when compared to pre-absorption (Figure 6.3 B) indicating that OMP-specific 

antibodies are likely participating in bactericidal killing.  
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Figure 6.3. OMP-specific antibodies contribute to bactericidal activity. Serum IgG 

antibodies against LPS2a, LPS53G, IpaB and lysate were measured in three individuals 

post-challenge before and after depletion and the percent of antibodies that remained after 

absorption was calculated (A). Percent S. flexneri 2a 2457T killed was measured in these 

serum samples pre- and post-challenge and pre- and post-depletion (B). 
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Figure 6.4. Silver stain of lysate. Gel of S. flexneri 2a 2457T lysate used for ELISA with 

negative control S. flexneri 2a 4243A and positive control IpaB, IpaC and IpaD and 

molecular weight markers. Lanes 1 and 10: molecular weight markers. Lane 2 and 8: 

recombinant IpaB. Lane 3: recombinant IpaC. Lanes 4-5: S. flexneri 2a 2457T lysate, 10 

and 50 µg. Lanes 6-7: S. flexneri 2a 4243A, 10 and 50 µg. Lane 8: recombinant IpaD. 

Arrows indicate VirG, IpaB, IpaC and IpaD in descending sizes.  
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VirG-specific immune responses mediate protection in the mouse vaccine-challenge 

model. We investigated the capacity of VirG to elicit immune responses and protect mice 

against pulmonary infection. Vaccinated mice developed high levels of VirG-specific IgG 

(Figure 6.5 A). Mice immunized with 2.5 μg of IpaB/dmLT also responded with IpaB-

specific IgG titers (Figure 6.5 B). 42-days after vaccination, VirG-specific IgG titers were 

still increasing while IpaB-specific IgG titers had reached a plateau (Figure 6.5 A-B).  

Mice were challenged with 10 MLD50 (5x107 CFU) of S. flexneri 2a 2457T 28-days 

after vaccination (day 56) and monitored for weight loss and survival. The group that 

received 2.5 μg and 7.5 μg of VirG experienced a 60% survival rate (3/5) which is the same 

rate observed for the positive control (Figure 6.5 C) indicating a moderate level of 

protection. Mice vaccinated with 5 μg of VirG had a survival rate of 20% (1/5) which was 

similar to the PBS and dmLT immunized mice which had a 20% survival rate (1/5) (Figure 

6.5 C). When the survival trend was analyzed (60% vs. 20%), VirG-vaccinated mice 

exhibited statistically significant protection over negative control mice (Figure 6.5 C). 

These preliminary studies indicate that VirG elicits  protective immunity. More studies 

need to be performed with larger number of mice and different doses. 
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Figure 6.5. VirG-specific antibody responses and protection against challenge. Mice 

were vaccinated with increasing doses of rVirG, rIpaB, dmLT, or PBS and serum titers 

against VirG (A) and IpaB (B) were measured at the indicated time points, before and after 

vaccination. Arrows indicate time of vaccinations (A, B). Mice were challenged one month 

after the last immunization and survival was monitored for 14 days, significance was 

determined using Kaplan-Meier test, represented by an asterisk, comparing mice 

vaccinated with 2.5 µg IpaB or   combined survival in PBS/dmLT or 2.5 and 7.5 µg VirG 

immunized mice (C).  
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Conclusions. We found that both LPS- and OMP-specific antibodies contribute to the 

bactericidal activity which suggests that a mixed repertoire of immune responses results in 

antibodies with functional capacities. We also observed that IpaB-, IpaD- and VirG-

specific antibodies induced in mice immunized with recombinant proteins did exhibit SBA 

activity. VirG induced protective immunity in mice, which helps explain the associations 

with clinical protection observed in humans. 
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Chapter 7: Discussion 

In this study, we (1) established Shigella-specific functional SBA and OPKA, 

assays with defined quantitative end-points, (2) demonstrated that SBA and OPKA titers 

as well as IpaB- and VirG-specific IgG titers are associated with protection in a controlled 

human challenge study, (3) applied functional antibody assays to pre-clinical and clinical 

vaccine models and (4) identified both OMP and LPS as the antigenic targets for functional 

antibodies. 

The immune effectors necessary to prevent Shigella infection and the mechanisms 

involved are not fully understood. We demonstrated, for the first time, a significant 

association between serological Shigella-specific functional antibody activity and 

protection against shigellosis. Bactericidal and macrophage phagocytic activity have been 

detected in serum from infected individuals living in Shigella-endemic regions (132-135). 

However, their association with clinical protection had never been investigated. Antibody-

dependent complement-mediated killing and opsonophagocytic activity have been 

associated with protection against other bacterial pathogens (141, 147, 148). Our results 

extend the value of functional antibody measurements as indicators of protective immunity 

against Shigella in humans. 

The SBA assay was more sensitive that the OPKA assay in detecting responses in 

humans post-challenge and post-vaccination. It also had more potential than the OPKA 

assay to predict absence of severe disease after challenge, i.e. a higher rate of volunteers 

who remained healthy or experienced mild disease had elevated pre-challenge SBA (93%) 

as compared to OPKA titers (86%); any serum that was negative for SBA was also negative 

for OPKA, but the reverse was not true. One possible explanation for these observations is 
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the greater stringency of the OPKA assay, which involves antibody-mediated opsonization, 

complement deposition, phagocytosis and killing, as opposed to only complement 

activation and killing in the SBA assay.  

Along with SBA and OPKA, antigen-specific IgG titers were measured in 

challenged volunteers. To our knowledge, we are the first to demonstrate a correlation 

between elevated anti-VirG and IpaB IgG1 levels and reduced illness following Shigella 

infection in humans. Immunization with IpaB has been shown to protect mice challenged 

with virulent Shigella via the pulmonary route (including challenge with heterologous 

serotypes), and IpaB, along with IpaD, constitute the basis for a new Shigella subunit 

vaccine candidate (78, 79). Our results further support the hypothesis that IpaB-specific 

immunity is relevant for protection in humans. Conversely, we did not find any association 

between IpaD antibodies and clinical protection. However, only a small fraction of the 

subjects included in our study had detectable IpaD-specific IgG and these levels were very 

low. Results from animal models suggest that the contribution of IpaD to protection might 

be through induction of robust IFN-γ secreting T cells, rather than antibodies (162). We 

did not anticipate finding a direct correlation between antibodies to VirG and reduced 

illness. Although regarded as an important virulence factor in Shigella pathogenesis, VirG 

is not considered a protective antigen. In fact, VirG has been deleted in several candidate 

live-vaccine strains (13). Here, we discuss preliminary evidence that suggests that VirG 

elicits protective immunity in mice immunized intranasally and challenged via the 

pulmonary route with S. flexneri 2a.   

Interestingly, elevated IpaB and VirG-specific IgG (not SBA and OPKA) titers are 

significantly correlated with reduced body temperature following experimental infection. 
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Although serological associations do not imply causality, these antibodies could 

conceivably block cell invasion and bacterial spread, thus averting the acute release of pro-

inflammatory cytokines (i.e. TNF-α) that cause fever (163, 164). IgG1 was the main 

subclass directed against IpaB and VirG; this molecule is known to have strong capacity 

for microbial opsonization, which is compatible with such a role. VirG and IpaB-specific 

IgG were found in stools from Shigella-infected children enrolled in the GEMS study 

(Buskirk A. 2016 Annual Conference of the U.S-Japan Panel on Cholera and Other 

Bacterial Enteric Infection), which suggests their contribution in local defenses. How IgG 

reaches the gastrointestinal lumen (i.e. whether it is produced locally or it transudates from 

circulation) is not known. A case has been made for systemic LPS-specific IgG induced by 

parenteral immunization transudating across the epithelial lining for protection against 

Shigella via complement activation and bactericidal activity (165, 166). Whether the 

antibodies we measured in serum have an actual protective role or are merely surrogates of 

protection remains to be explored. 

Subjects who remained healthy in our study had distinct serological profiles: 

elevated levels of SBA and OPKA (≥200 dilution titer), elevated levels IpaB and VirG-

specific IgG (≥1,500 EU/mL), or both. Thus, a combination of both functional and antigen-

specific responses afforded the highest level of protection and would be optimal for a 

vaccine to induce. Early studies had linked the presence of LPS antibodies with serotype-

specific resistance to shigellosis among Israeli soldiers (90, 120, 121). We did not find a 

significant association between S. flexneri 2a LPS IgG titers and reduced disease in our 

study. This could be due to differences in the population studied, ours being US adult 

volunteers whose exposure to Shigella is rare, as opposed to individuals living in endemic 
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areas who develop high levels of anti-LPS antibodies as a result of repeated encounters 

with the organism (90, 91, 94). It has been acknowledged, however, that circulating anti-

LPS levels only partly reflect naturally acquired protective immunity, and that rather the 

length of exposure more strongly associates with reduced incidence of disease due to 

additional immune components involved (125). This is in agreement with our findings of 

IpaB- and VirG-specific serum antibodies being associated with protection.   

  An important question that remains is the specificity of antibodies that mediate the 

SBA and OPKA activities we measured. Nahm et al. reported SBA activity of mouse 

monoclonal anti-Shigella OPS antibodies (167), and SBA responses were induced by a 

Shigella OPS-conjugate vaccine in adult volunteers in a recent Phase I study (116). 

Similarly, anti-LPS antibodies are known to promote bactericidal and opsonophagocytic 

killing against other pathogens (149, 152, 168). We performed experiments to address this 

question and observed that SBA killing was reduced, although not completely, by the use 

of EcSf2a-2 and S. sonnei target strains and by depletion of anti-LPS antibodies, which 

suggests the involvement of other antibody specificities in these anti-microbial functions. 

Shigella OMP have been shown to elicit Shigella SBA activity in mice (169). We 

completed OMP-specific antibody depletion assays and demonstrated that these antibodies 

also participate in bactericidal activity. The small amount of serum available from our 

challenged volunteers precluded extensive antigen-specificity analyses. Additional 

Shigella vaccine/challenge studies are forthcoming, which will enable us to further 

investigate the serological responses reported here. 

  An interesting observation was the striking increase in SBA and OPKA antibodies 

in subjects who experienced more severe disease post-challenge, while IpaB and VirG IgG 
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increased mainly in subjects who had milder disease. Also notable is the absence of 

serological responses in subjects similarly exposed to the organisms, but who remained 

healthy post challenge. These results suggest a differential priming of functional vs 

antigen-specific antibodies on the basis of bacterial invasion and/or host-pathogen 

interaction that is worth exploring in future challenge studies. Such knowledge can inform 

vaccine design to induce relevant humoral immunity and their clinical evaluation.    

 Volunteers orally immunized with Shigella vaccine strains CVD 1204 and 1208S 

also induced SBA and OPKA antibodies. The higher rate of SBA and OPKA responses 

among subjects that received CVD 1204, as compared to CVD 1208S, likely reflects the 

higher reactogenicity of the former strain and is in agreement with other immunologic 

readouts of this vaccine (106). Based on the associations described, it would be expected 

for these vaccines to induce measurable protective immunity. Thus, these functional assays 

can distinguish vaccine candidates in terms of their immunogenic (and potentially 

protective) capacity. Future human challenge studies will provide an opportunity to 

determine the suitability of these assays to predict vaccine efficacy and establish 

serological thresholds indicative of protection. Another novel contribution of our work is 

the demonstration of SBA and OPKA responses in individuals from endemic regions 

demonstrating the applicability of these assays to the regions that are impacted by the 

illness. 

We also determined that immunity against Shigella has the potential to affect 

Shigella-ETEC vaccine uptake. To investigate this question, we induced immunity to 

Shigella in NHP through administration of an attenuated S. flexneri 2a 2457T vaccine 

strain, CVD 1208S. We found that while naïve NHP responded to the Shigella-ETEC 
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vaccination, prior immunity to Shigella interfered with vaccine-induced immunity and that 

the SBA assay was able to determine immunogenicity. After vaccination with the Shigella-

ETEC vaccination, the duration of fecal shedding was shorter in naïve NHP than NHP 

administered CVD 1208S alone. The shorter fecal shedding may indicate a less stringent 

host-microorganism interaction leading to decreased immune responses. The Nahm group 

demonstrated that LPS-specific antibodies mediate SBA activity against Shigella and our 

group found a combination of LPS and other antibodies mediate SBA activity. Due to these 

differences, we hypothesize that this vaccine strain may be over attenuated by the 

expression of ETEC antigens [reviewed in (170)]. Africa and Eastern Asia are endemic for 

Shigella spp. resulting in natural exposure and immunity. In these individuals, a 

heterologous prime-boost strategy is unlikely to induce immunity against ETEC. These 

data demonstrates the importance of considering the adaptive immune responses in the 

vaccine-target population during early vaccine development.  

In conclusion, we have demonstrated that SBA and OPKA provide a measure of 

functional antibody activity associated with reduced shigellosis in humans and that along 

with IpaB and VirG serum IgG, are potential immune correlates of protection. We also 

used SBA to elucidate immunogenic mechanisms in humans and in animal models. These 

results warrant further analysis to determine the usefulness of these serological 

measurements to predict the efficacy of Shigella vaccine candidates, and to further 

investigate the antigenic specificity of the SBA and OPKA antibodies to gain insight in 

anti-microbial mechanisms possibly involved in protection. 
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