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Preface

This module is part of the series The Immunological Basis for Immunization,  
which was initially developed in 1993 as a set of eight modules focusing on the vaccines 
included in the Expanded Programme on Immunization (EPI)1. In addition to a general 
immunology module, each of the seven other modules covered one of the vaccines 
recommended as part of the EPI programme — diphtheria, measles, pertussis, polio, 
tetanus, tuberculosis and yellow fever. The modules have become some of the most 
widely used documents in the field of immunization.

With the development of the Global Immunization Vision and Strategy (GIVS) 
(2005–2015) (http://www.who.int/vaccines-documents/DocsPDF05/GIVS_Final_
EN.pdf) and the expansion of immunization programmes in general, as well as the 
large accumulation of new knowledge since 1993, the decision was taken to update 
and extend this series.

The main purpose of the modules — which are published as separate disease/vaccine-
specific modules — is to give immunization managers and vaccination professionals 
a brief and easily-understood overview of the scientific basis of vaccination, and also  
of the immunological basis for the World Health Organization (WHO) recommendations 
on vaccine use that, since 1998, have been published in the Vaccine Position Papers  
(http://www.who.int/immunization/documents/positionpapers_intro/en/index.html). 

WHO would like to thank all the people who were involved in the development of 
the initial Immunological Basis for Immunization series, as well as those involved in 
its updating, and the development of new modules.

1 This programme was established in 1974 with the main aim of providing immunization for children 
in developing countries.
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1.1 Introduction

Typhoid fever is an acute generalized infection of the reticuloendothelial system, 
intestinal lymphoid tissue and gallbladder caused by Salmonella enterica serovar 
Typhi (Salmonella Typhi). This communicable disease is restricted to human hosts and 
humans (chronic carriers) constitute the reservoir of infection. A broad spectrum of 
clinical illness can follow ingestion of Salmonella Typhi, with more severe forms being 
characterized by persisting high fever, abdominal discomfort, malaise and headache. 
Prior to the availability of antibiotics, the disease ran its course over several weeks, 
resulting in a case-fatality rate of approximately 10%–20% (1,2). Paratyphoid fever 
is the clinically identical febrile infection caused by Salmonella Paratyphi A or B  
(or more rarely C) (3,4). Typhoid and paratyphoid fevers are often referred to collectively 
as enteric fevers. In most endemic areas, typhoid comprises approximately 75%– 80% 
of enteric fever. However, in some regions, particularly in Asia, Paratyphi A is starting 
to contribute a larger proportion of all enteric fevers (5,6). Paratyphoid fever caused 
by Salmonella Paratyphi A has emerged in recent years as an increasingly common 
severe infection among travellers from industrialized countries who visit developing 
countries, particularly in Asia (7–10).

Typhoid infection is acquired by ingestion of food or water vehicles contaminated 
by human excreta that contain Salmonella Typhi. Typhoid fever was endemic in 
virtually all countries of Europe and North and South America in the late nineteenth 
and early twentieth centuries. A single intervention — the treatment of water supplies  
(by chlorination, sand filtration, or other means) — which became increasingly popular 
in the late nineteenth and early twentieth century, broke the cycle of endemicity and 
caused the incidence of typhoid fever to plummet drastically, even though the prevalence 
of chronic carriers in the populations remained high for decades thereafter (11,12). 

Typhoid fever is extremely uncommon in modern industrialized countries where 
populations have access to treated water supplies and to sanitation that removes 
human waste. By contrast, among populations in less-developed countries,  
that lack such amenities, typhoid fever is often endemic and, from the public-health 
perspective, typically constitutes the most important enteric disease problem of 
school-age children that is severe enough to result in visits to health-care providers 
and in hospitalizations (13). In some parts of Asia a notable proportion of cases also 
occur in preschool children (14,15). Besides children in less-developed countries, 
two other populations that are recognized to be at increased risk of developing 
typhoid fever are travellers (16,17,18) and clinical microbiologists (19,20). 

1. The organism and  
the disease
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If strains are susceptible, typhoid fever and paratyphoid fever are readily treated by 
prompt administration of appropriate antibiotics (21). Since the late 1980s, strains of 
Salmonella Typhi exhibiting resistance to most of the antimicrobials that previously 
were clinically effective, have spread aggressively throughout the Indian subcontinent, 
South-East Asia and the Middle East (22–25). Whereas earlier epidemics of antibiotic 
resistant typhoid fever in Mexico (26) and Viet Nam (27) in the 1970s and Peru (28) in 
the 1980s were limited in time, and antibiotic-sensitive strains once again predominated 
within a few years, the current multiply-resistant Asian pandemic strains have persisted. 
The few antibiotics that remain effective against these multiply-resistant strains  
are expensive and not readily available in rural areas of developing countries.  
Thus, the arrival on the scene and dissemination of these multiply-resistant Salmonella 
Typhi strains constitutes an increasing public-health crisis in many developing 
countries.

1.2 Bacteriology

The taxonomy of Salmonella has changed repeatedly during the past 30 years (29). 
Originally, speciation was based on association with distinct clinical syndromes.  
With the Kauffman-White serologic classification, each distinct O:H serotype was 
given species status, a situation that became ponderous. The current official taxonomic 
designation is Salmonella enterica, sub-species enterica, serovar Typhi, to refer to the 
serovar that causes typhoid fever. Since it is now considered a serovar and not a separate 
species, Typhi is written non-italicized and with a capital T. Thus, Salmonella Typhi 
or S. Typhi are shortened forms that can be used. Serologically, Salmonella Typhi falls 
into Salmonella group D, based on its expressing O antigen 9, the immunodominant 
epitope diagnostic of Group D; it also bears minor O antigen 12. S. Typhi is motile and 
its peritrichous flagellae bear Phase 1 flagellar (H) antigen H:d. A few percent of isolates 
from Indonesia have flagella that bear other antigens including H:j (which results from 
an internal deletion within the the fliC gene encoding (d) (30) and z66 (which may be 
found in conjunction with H:d or H:j (31). Strains freshly isolated from patients possess 
on their surface an acidic polysaccharide capsule, the Vi (for virulence) antigen (32).  
Vi prevents O antibody from binding to the O antigen and inhibits the C3 component 
of complement from fixing to the surface of S. Typhi (33). 

Salmonella Typhi exhibits a remarkable degree of homogeneity with respect to its 
biochemical and antigenic characteristics and genome (34,35). Exceptional are the few 
percent of isolates from Indonesia that bear Phase 1 flagellar antigen H:j rather than  
H:d. Application of multilocus sequence typing (MLST) to a worldwide collection 
of S. Typhi isolates spanning many decades revealed only four MLST patterns (35),  
two of which were predominant. Phage typing, using Vi phages, has historically offered 
reference laboratories a tool for differentiating strains from different geographic areas 
(36), while pulsed field gel electrophoresis (PFGE) allows greater discernment among 
S. Typhi isolates (37). However, it is the analysis of single nucleotide polymorphisms 
identified by high throughput methodology that is finally offering a molecular 
epidemiologic tool that can discern in detail among strains circulating in an endemic 
area (38). 
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Analysis of the complete genome of two S. Typhi strains shows an impressive degree 
of homogeneity (39,40). The complete sequences of the ~ 4.8 million bp genomes of 
multiply antibiotic-resistant S. Typhi strain CT 18 (39) and of antibiotic-sensitive 
strain Ty2 (40) have been reported. Approximately 70% to 80% of the genome shares a 
backbone containing genes similar in sequence and order to those in Escherichia coli and 
other salmonellae. Along this backbone are intermittent clusters of S. enterica–specific 
and S. Typhi–specific genes (i.e. genes not found in S. Typhimurium or other S. enterica 
serovars) and more than 200 pseudogenes (including several that play a role in virulence 
in S. Typhimurium). In addition to the 218 150 bp plasmid encoding antibiotic resistance 
in CT 18, another 106 516 bp plasmid was found that shows common derivation with 
the pFra virulence plasmid of Yersinia pestis (39,41). 

1.3 Epidemiology

Typhoid fever is transmitted by consumption of contaminated food or water vehicles. 
Wherever primitive or defective sanitary facilities exist and water supplies are subject 
to faecal contamination, the opportunity exists for enhanced transmission of S. Typhi. 
Prior to the availability of treated water and sewer systems, all strata of society were at 
risk. Endemic regions persist in the developing world primarily because segments of the 
population remain underserved by adequate water supply and sanitation services, and 
there is lack of detection and restriction of carriers. Provision of means to dispose of 
human faecal waste and to assure access to treated, bacteriologically monitored water, 
precludes widespread transmission and virtually eliminates typhoid fever from loci 
where it was previously endemic. 

Transmission also occurs among clinical microbiologists in hospital diagnostic 
bacteriology laboratories, including in developed countries (19,20). The handling of 
specimens containing S. Typhi has caused numerous cases of typhoid fever. 

The true incidence of typhoid fever in most regions of developing countries is not 
known, and attempts to provide global estimates of disease burden have had to 
make gross extrapolations from limited data (42). One global estimate suggested that 
there occur annually ~ 21 650 000 cases of typhoid fever (with ~ 216 500 deaths) and  
~ 5 410 000 cases of paratyphoid fever. Several factors lead to an underestimation of the 
burden, while others lead to overestimation. Since clinical bacteriologic methods that 
isolate the causative organism are necessary to differentiate typhoid from paratyphoid 
fever and to confirm the clinical diagnosis of enteric fever, the paucity of bacteriological 
capability in much of the developing world, particularly in rural areas, introduces a 
high level of uncertainty about disease incidence. It can be argued that lack of clinical 
bacteriology infrastructure results in an underestimation of burden. On the other 
hand, several other febrile syndromes can be confused with enteric fever, particularly 
in children, so that if clinical bacteriology is not available for confirmation, many 
febrile illnesses caused by other bacterial, viral or rickettsial agents may be counted 
incorrectly as cases of typhoid or paratyphoid fever. Even if clinical bacteriology is 
available to isolate S. Typhi and S. Paratyphi from suspect cases, blood culture alone, 
the most commonly collected clinical specimen, is only 60%–70% sensitive in isolating 
the bacteria from otherwise confirmed cases (e.g., confirmed by a bone marrow or bile 
containing duodenal fluid culture) (43,44). Suppression of disease by self-medication 
with antibiotics or by health-practitioner treatment without obtaining cultures,  
further distorts the true situation. 
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Nevertheless, despite the above caveats, a series of systematic surveys that have been 
carried out during the past two decades have provided invaluable information on the 
epidemiology of endemic typhoid (14,15,45,46,47). These systematic culture-based 
surveillance efforts were limited to geographic areas (mainly urban) and populations 
where prior evidence indicated that typhoid fever was endemic. Recognizing that 
S. Typhi infections exhibit a range of clinical severity, and that passive surveillance 
that detects ill patients seeking care at fixed health-care facilities tends to detect more 
severe cases than are detected by active household surveillance or other more active 
forms of surveillance, these published reports utilized systematic passive surveillance 
(14,15,45,46,47). Three studies, two carried out in urban slums in Kolkata and North 
Jakarta and the other in rural Dong Thap Province in the rural Mekong Delta of 
Viet Nam, included surveillance in all age groups from infancy through adulthood 
(14,15). The data indicate that the peak age incidence of typhoid fever in Asia is seen in  
school-age children. A fourth surveillance study in Pakistan that did not include  
infants 0–11 months of age and toddlers 12–23 months of age showed the peak incidence 
to be in preschool children (14). 

Systematic health facility-based passive surveillance during efficacy trials of typhoid 
vaccines has established the incidence of confirmed typhoid in populations of more 
limited age range, particularly in school-age children (48–54). In several other typhoid 
vaccine field trials, active surveillance methods were used to detect cases based on 
systematic weekly or biweekly visits to participants’ households to detect subjects 
with fever; blood cultures were then collected from the febrile subjects (55,56).  
Since vaccine efficacy trials are typically carried out in known “hot spots” of endemicity,  
caution must be taken in extrapolating such incidence rates to other populations. 
Collectively, these studies indicate that in most endemic areas typhoid fever of a severity 
that leads to seeking health care peaks in school-age children and this age group must 
be an important target for specific intervention with typhoid vaccines.

Some other population-based studies not associated with vaccine trials have also been 
carried out, particularly in Asia, that have utilized active household surveillance to 
detect persons with fever, who then had blood cultures to look for S. Typhi bacteraemia 
(57,58). These studies have demonstrated a high incidence of S. Typhi bacteraemia 
in toddlers and preschool children (12–59 months of age) with a low incidence in  
infants < 12 months of age (57,58,59); an exception was household-based surveillance in 
Karachi, Pakistan that detected a high rate of S. Typhi and S. Paratyphi bacteraemia in 
infants (59a). It is difficult to assess the severity of clinical illness in the young paediatric 
patients in whom S. Typhi bacteraemia detected by active surveillance in which any 
elevation of temperature > 38 °C, irrespective of duration, led to the collection of a 
blood culture (57,58). In the 1980s, systematic health centre-based surveillance for  
S. Typhi bacteraemia in febrile infants and toddlers < 24 months of age in Chile and Peru 
indicated that in those endemic settings the S. Typhi (and S. Paratyphi) bacteraemias 
were clinically mild and self-limited (resolving before antibiotics were administered) 
(45,60), and were designated “benign bacteraemia” (45,60). In some other geographic 
areas where bacteraemia in febrile infants was systematically studied, the isolation  
of S. Typhi was distinctly rare in infants < 12 months of age (15,47,57,58,61).  
In several health centre and hospital-based systematic studies of bacteraemia in  
sub-Saharan Africa where rates of isolation of other invasive bacteria, such as 
Haemophilus influenzae type b (Hib), Streptococcus pneumoniae and non-typhoidal 
Salmonella (NTS) were impressively high, S. Typhi and S. Paratyphi were either absent 
or only rarely isolated (61,62,63); several of those studies were population-based 
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(61,62). Other hospital-based systematic surveillance blood-culture studies among  
febrile patients carried out elsewhere in Africa revealed S. Typhi and S. Paratyphi,  
as well as NTS, mainly among preschool and school-age children (46,64,65).  
Young children with typhoid exhibit less prominent pathology of the small intestine 
(45). Together, these features suggest that young children readily become infected with 
S. Typhi, but that a distinct pathogenesis usually produces a mild illness.

If the appropriate typhoid vaccines become available, infants are an attractive target 
age group for programmatic immunization because of the existing contacts within the 
Expanded Programme on Immunization (EPI). Immunization of infants should be 
useful in those areas in Asia (e.g., urban slums in some cities) and elsewhere, that exhibit 
a high incidence of disease in preschool children. For infant immunization with typhoid 
vaccines in the EPI to protect against the peak age-specific incidence as observed in most 
endemic areas, school-age children, the vaccine will have to confer long-term protection. 
If the typhoid vaccines elicit strong immunologic memory, long-term protection may 
perhaps also be achieved if repetitive contact of vaccinated individuals with S. Typhi 
in endemic areas naturally boosts and extends vaccine-induced protection. 

1.3.1 Occurrence in industrialized countries

In industrialized countries, a large proportion of sporadic cases occur among travellers 
(10,17,66–70). When outbreaks occur in the United States of America and other 
industrialized countries that have high levels of sanitation, controlled water supplies, 
and sophisticated food hygiene practices, a careful epidemiological investigation  
almost always incriminates the food or water vehicle responsible for the outbreak,  
and often identifies a chronic carrier responsible for its contamination (71,72,73). 
Similarly, epidemiological investigation of sporadic, non travel-associated cases in 
industrialized countries often identifies a chronic carrier, such as an elderly family 
member, who serves as the reservoir of infection (74). 

1.3.2 Chronic carriers

Only a few quantitative studies have been made of the prevalence of chronic  
typhoid and paratyphoid carriers in less-developed countries. One such survey 
carried out in Santiago, Chile, during a period when typhoid fever was highly  
endemic, estimated a crude prevalence of 694 typhoid carriers/105 population (75).  
This high prevalence was related to the high overall prevalence of cholelithiasis in the 
adult female population of Santiago, as well as the high prevalence of chronic S. Typhi 
and S. Paratyphi carriers documented among 1000 consecutive patients with gallbladder 
disease undergoing cholecystectomy (76). Among 404 patients (316 female and 88 
male) with gallbladder disease undergoing cholecystectomy in Kathmandu, Nepal,  
a high prevalence of S. Typhi (3.0%) and S. Paratyphi A (2.2%) was also documented 
(77). However, since the overall prevalence of cholelithiasis in the Kathmandu 
population was not known, an overall prevalence of chronic carriage in that population 
could not be calculated. 
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1.4 Epidemiology of other enteric fever agents: Salmonella Paratyphi A, 
B and C

An individual case of paratyphoid fever due to S. Paratyphi A or B appears clinically 
indistinguishable from a case of typhoid fever caused by S. Typhi (3,4), although at the 
population level paratyphoid infections appear to be somewhat less virulent as judged 
by lower rates of complications and of hospitalizations. In general, in most endemic 
areas, approximately one clinical case of enteric fever is attributed to S. Paratyphi 
A or B for every four cases of S. Typhi disease. In recent years there has been a  
surge of enteric fever cases in Asia caused by S. Paratyphi A, with the strains 
carrying R factors encoding resistance to multiple, clinically-relevant antibiotics (78).  
This has also been accompanied by an increase in the frequency of S. Paratyphi A 
(particularly multi-resistant strains) as a cause of enteric fever in North American and 
European travellers who visit Asia. 

S. Paratyphi C is also capable of causing enteric fever. However, more often the clinical 
syndromes of patients infected with this pathogen are sepsis or focal metastatic purulent 
infections (similar to the clinical illnesses in humans caused by S. Choleraesuis).
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2.1 Pathogenesis of Salmonella Typhi and Salmonella Paratyphi disease

S. Typhi and S. Paratyphi A and B are highly invasive bacteria that rapidly and efficiently 
pass through the intestinal mucosa of humans to eventually reach the reticuloendothelial 
system, where, after an 8- to 14-day incubation period, they precipitate a systemic 
illness. Salmonella Typhi is a highly host-adapted pathogen; humans comprise the only 
natural host and reservoir of this infection. Our comprehension of the steps involved 
in the pathogenesis of typhoid fever comes from four sources: (1) clinicopathological 
observations in humans (79); (2) volunteer studies (80); (3) studies of a chimpanzee 
model (81); (4) analogies drawn from S. Typhimurium and S. Enteriditis infection in 
mice—the “mouse typhoid” model (82). The probable steps in the pathogenesis of  
S. Typhi infection in humans are summarized below.

Susceptible human hosts ingest the causative organisms in contaminated food and water. 
The inoculum size and the type of vehicle in which it is ingested greatly influence the 
attack rate for typhoid fever and also affect the incubation period, a relationship that 
was documented in volunteer studies in the 1960s. Doses of 109 and 108 pathogenic  
S. Typhi ingested by volunteers in 45 ml of skim milk induced clinical illness in 98% 
and 89% of individuals, respectively; doses of 105 caused typhoid fever in 28% to 55% 
of volunteers, whereas none of 14 subjects who ingested 103 organisms developed 
clinical illness (80). 

In the fasting normochlorhydric stomach, gastric acid undoubtedly inactivates many of 
the ingested typhoid bacilli. However, some foods may effectively buffer this otherwise 
formidable protective acid barrier, allowing many S. Typhi to survive. After passing 
through the pylorus and reaching the small intestine, the bacilli rapidly penetrate the 
mucosa by two main mechanisms to arrive in the lamina propria. One mechanism 
involves typhoid bacilli being actively taken up by M cells (83), the dome-like epithelial 
cells that cover Peyer’s patches and other organized lymphoid tissue of the gut.  
They are then passed to the underlying dendritic cells, macrophages and lymphoid 
cells. In the second, quite distinct mechanism, S. Typhi invade enterocytes and enter 
endocytic vacuoles that pass through the enterocytes to ultimately release the bacilli 
in the lamina propria without destroying the enterocyte (84). In yet a third mode of 
entry, it has been proposed that Salmonella may sometimes take a paracellular route, 
passing between enterocytes (85). 

2. The pathogenesis and 
response to infection
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Upon reaching the lamina propria in the nonimmune host, typhoid bacilli elicit an 
influx of macrophages and dendritic cells that ingest the organisms but are generally 
unable to kill them. Some bacilli apparently remain within macrophages of the 
small intestinal lymphoid tissue. Other typhoid bacilli are drained into mesenteric 
lymph nodes where further multiplication and ingestion by macrophages take place.  
Eventually, there is a release of tumour necrosis factor-alpha, interleukin-2 (IL-2), 
IL-6, and other inflammatory cytokines by the mononuclear cells (and perhaps by 
enterocytes).

Postmortem studies have documented the inflammatory responses that occur in 
the distal ileum in the Peyer’s patches and other organized lymphoid aggregations. 
Presumably, cytokine release elicited by the intracellular S. Typhi is responsible for these 
cellular changes. It is from these lesions in the distal ileum and ascending colon that 
haemorrhage can occur later in the disease course. Gross bleeding comes from eroded 
vessels in or near the Peyer’s patches. This complication occurs late in the second week 
in about 1%–3% of untreated patients and rarely in patients whose treatment with an 
appropriate antibiotic is begun late in their clinical course. Perforations of the bowel 
wall occur in the same sections of the gut as the haemorrhages.

Shortly after invasion of the intestinal mucosa, a primary bacteraemia is believed to 
take place in which S. Typhi are filtered from the circulation by fixed phagocytic cells 
of the reticuloendothelial system. The main route by which typhoid bacilli reach the 
bloodstream in this early stage is by lymph drainage from mesenteric nodes entering 
the thoracic duct and then the general circulation. Conceivably, ingestion of a massive 
inoculum followed by widespread invasion of the intestinal mucosa could result in 
rapid and direct invasion of the bloodstream. As a result of this primary bacteraemia, 
the pathogen rapidly attains an intracellular haven throughout the organs of the 
reticuloendothelial system where it resides during the relatively long incubation 
period (usually 8–14 days) until the onset of clinical typhoid fever. Clinical illness is 
accompanied by a fairly sustained, albeit low level (1–10 organisms/ml) “secondary” 
bacteraemia.

Relapses were observed in about eight percent of patients suffering from typhoid fever 
in the pre-antibiotic era. The rate in patients treated with the first (chloramphenicol) 
and second (ampicillin, amoxicillin and trimethoprim/sulfamethoxazole) generation 
of antibiotics used for therapy of typhoid ranged from 10% to 35%. The organisms 
that initiate relapse appear to come from within the reticuloendothelial system.  
Typhoid bacilli can be isolated from liver biopsies during the relapse, and also from 
bone marrow, many months after the patient has fully recovered from the symptoms. 
Relapses usually occur about three weeks after the last febrile day or about two 
weeks after cessation of antibiotics. Most relapses are milder than the initial illness,  
last for only a few days, and respond promptly to appropriate antibiotic therapy.  
Relapse after treatment with oral fluoroquinolones and azithromycin and after 
parenteral ceftriaxone therapy is noticeably uncommon. 
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During the primary bacteraemia that follows ingestion of typhoid bacilli and seeds 
the reticuloendothelial system, organisms also reach the gallbladder, an organ for 
which S. Typhi has a remarkable predilection (81,86). Salmonella Typhi can be readily 
cultured from bile or from bile-stained duodenal fluid in patients with acute typhoid 
fever (44,87,88). In approximately 2%–5% of patients, the gallbladder infection 
becomes chronic (89). The propensity to become a chronic carrier is greater in females 
and increases with age at the time of acute S. Typhi infection, thereby resembling the 
epidemiology of gallbladder disease (76,89). The infection tends to become chronic in 
those individuals who have pre-existent gallbladder pathology at the time of acute S. 
Typhi infection. Carriers shed as many as 109 organisms/g faeces (90). These organisms 
are propelled the length of the gastrointestinal tract without penetrating and without 
causing disease in the host.

2.2 Clinical and epidemiologic significance of Vi-negative S. Typhi 

The Vi antigen is a virulence property and in most endemic areas and outbreaks 
almost all strains freshly isolated from patients possess this polysaccharide 
capsule (32). Nevertheless, Vi-negative strains have been occasionally reported,  
both in association with sporadic cases and with outbreaks (91). However, until recently, 
it was considered by many that these rare Vi-negative strains were regulatory mutants 
that occur during culture in vitro but that they are derived from strains that were  
Vi-positive in vivo. The fact that some Vi-negative strains could be induced to revert to 
a Vi-positive state following parenteral inoculation of mice supported this contention 
(92). Genetically stable Vi-negative strains were shown to be capable of causing typhoid 
fever in volunteers who participated in experimental challenge studies (80) and some 
authorities have cautioned that the widespread programmatic use of Vi polysaccharide 
and Vi conjugate vaccines might select for the emergence of Vi-negative strains (93,94). 
The recent application of modern microbiologic and molecular biologic methods has 
convincingly established that in some geographic foci in Asia a small proportion of 
the S. Typhi strains harbour deletions that make them indeed incapable of expressing 
Vi polysaccharide (95,96,97); these include S. Typhi detected directly in blood by 
polymerase chain reaction (PCR) techniques (95,97). Epidemiological observations 
and studies in volunteers support the contention that S. Typhi strains that possess  
Vi are more virulent than strains lacking this polysaccharide (80). 

In the various controlled field trials of Vi and Vi conjugate vaccine carried out heretofore, 
there has been no report of the emergence of Vi-negative S. Typhi strains (93,94).  
On the other hand, the total number of subjects in the published field trials is small 
compared to the numbers of persons who would be immunized in programmatic  
public-health implementation of Vi vaccine for extended periods of time in large 
populations suffering a high incidence of typhoid fever. It is under those conditions 
that careful epidemiologic and microbiologic surveillance must be maintained in order 
to verify or refute the stated concern that Vi-negative strains might emerge. 

2.3 Immune response to wild type Salmonella Typhi

Most of the measurements of immune response to natural infection with wild type  
S. Typhi were carried out in an era before there existed modern methods for characterizing 
and quantifying serum antibody, SIgA intestinal antibody and cell-mediated immune 
responses. The serum antibody, SIgA intestinal antibody and cell-mediated immune 
responses are relatively strong following natural infection (80,98–105).
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High titres of serum IgG antibodies directed at the capsular Vi polysaccharide antigen 
that covers Salmonella Typhi are encountered in ~ 80% of chronic biliary carriers of 
Salmonella Typhi (106,107) in endemic areas but only rarely in healthy individuals 
(106,107,108); 12%–38% of persons with acute typhoid fever manifest elevated Vi 
titres (106,107). Therefore, the measurement of Vi antibodies has been repeatedly 
utilized with success as a screening test to detect chronic carriers in nonendemic and 
endemic areas (71,106,107,109–112). In endemic areas a variable proportion of healthy 
subjects exhibit low titres of Vi antibody and the prevalence increases with age (55,113).  
The low titres of serum Vi antibody elicited in response to infection with wild type  
S. Typhi infection among persons living in endemic areas appears to reside mainly in 
the IgG2 sub-class (113). 

Serum H (anti-flagella) antibodies following clinical infection are IgG and long-lived 
and have been used for seroepidemiologic surveys (98,114). Murphy and associates 
(115,116) observed that the peripheral blood mononuclear cells (PBMCs) from healthy 
adults living in typhoid-endemic areas who have no known history of acute typhoid 
fever often specifically proliferate when exposed to S. Typhi antigens. This corroborates 
results of antibody prevalence studies that indicate that considerable mild or subclinical 
infection occurs in such areas.
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3.1 Current WHO guidelines for typhoid vaccine use

The most recent WHO guidelines for use of the typhoid vaccines were published in 
2008 (117). 

3.2 Licensed typhoid vaccines 

3.2.1 Killed whole cell parenteral vaccines 

Inactivated (heat-killed, phenol-preserved) Salmonella Typhi were utilized as parenteral 
vaccines as far back as 1896 by Pfeiffer and Kolle in Germany and Wright in England 
(118). Randomized, placebo-controlled field trials in the 1960s sponsored by the  
World Health Organization established the efficacy of the heat-phenolized and  
acetone-inactivated parenteral whole cell typhoid vaccines (119–124). Although these 
vaccines were shown to confer moderate protection that persisted for up to seven years 
(124), they never became well-accepted public-health tools because they frequently 
caused systemic adverse reactions (about 25% of recipients developed fever and malaise) 
(121,122,125). The parenteral killed whole cell vaccines have been supplanted by  
two newer vaccines: attenuated Salmonella Typhi strain Ty21a used as a live oral 
vaccine and purified Vi capsular polysaccharide utilized as a parenteral vaccine (13,126).  
These two newer vaccines, which are at least as effective as the parenteral whole cell 
vaccines, but are well-tolerated, are licensed and available in many countries and 
constitute credible public-health tools.

The venerable inactivated whole cell parenteral vaccines, including heat-inactivated, 
phenol-preserved vaccine and acetone-inactivated vaccine, conferred moderate levels of 
protection for up to seven years (120–124). However, they were distinctly unsatisfactory 
vaccines because they caused adverse reactions at such high frequency. In controlled 
trials, approximately 25% of recipients of the inactivated whole cell vaccines developed 
fever and systemic reactions, and about 15% had to miss work or school (124,125).  
For this reason, these vaccines are no longer being manufactured and have been replaced 
by two modern licensed vaccines: live oral vaccine strain Ty21a and parenteral purified 
Vi capsular polysaccharide vaccine (13). The early type of killed whole cell parenteral 
vaccines mainly stimulated serum antibodies, including to S. Typhi O and H antigens 
and to a variable degree to Vi polysaccharide (127). Some data suggested a correlation 
between H antibody responses elicited by killed whole cell vaccines in animals and 
humans and protection against typhoid fever in field trials (128). Other data argued for 
serum Vi antibody elicited by killed whole cell vaccines as being a correlate of protection 
(129). These killed whole cell parenteral vaccines are mentioned for historical context 
only, since they are practically no longer available. 

3. Typhoid vaccines 
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3.2.2 Attenuated Salmonella Typhi strain Ty21a live oral vaccine 

Ty21a, an attenuated strain of S. Typhi that is safe and protective as a live oral vaccine, 
was developed in the early 1970s by chemical mutagenesis of a pathogenic S. Typhi 
strain Ty2 (130). The characteristic mutations in this strain include an inactivation of 
the galE gene that encodes an enzyme involved in lipopolysaccharide (LPS) synthesis 
and by the inability to express Vi polysaccharide. However, approximately two dozen 
additional mutations are also present in Ty21a (131). Although Ty21a has proved to 
be remarkably well tolerated in placebo-controlled clinical trials (13), it is not clear 
precisely what mutations in addition to inactivation of galE and of Vi synthesis are 
most responsible for the stable, impressive attenuation of this vaccine.

Ty21a provides significant protection without causing adverse reactions. Results of 
multiple double-blind, placebo-controlled studies that utilized various surveillance 
methods to assess the reactogenicity of Ty21a in adults and children showed that 
adverse reactions for any symptom or sign were not observed significantly more often 
in the vaccine recipients than the placebo group (48–51,132). Controlled field trials of  
Ty21a emphasize that the formulation of the vaccine, the number of doses administered 
and the spacing of the doses markedly influence the level of protection that can be 
achieved (48–51,133,134,209). Two formulations are licensed, including enteric-coated 
capsules and a “liquid” formulation in which lyophilized vaccine is reconstituted 
along with buffer powder into a vaccine cocktail; however, in recent years, only the  
enteric-coated capsule formulation has been manufactured. Based on a field trial in 
Chile that demonstrated that three doses of Ty21a in enteric-coated capsules given on 
an every other day schedule conferred 67% efficacy over three years of follow-up and  
62% protection over seven years of follow-up (48,135), this formulation and 
schedule are used worldwide, with the exception of North America. Canada and the  
USA recommend a four-dose regimen with an interval of 48 hours between doses. 
This was based on the results of a large-scale, randomized comparative trial carried 
out in Santiago, Chile whereby four doses of Ty21a in enteric-coated capsules given 
within seven days were shown to be significantly more protective than two or three 
doses (134). 

In the mid 1980s industry succeeded in preparing a “liquid suspension” formulation 
of Ty21a for large-scale field trials that was amenable to large-scale manufacture. 
The new formulation consisted of two packets, one containing a dose of lyophilized 
vaccine and the other containing buffer. Contents of the two packets are mixed in a 
cup containing 100 ml of water and the suspension is then ingested by the subject to 
be vaccinated. Randomized placebo-controlled field trials were carried out in Santiago, 
Chile (49) and Plaju, Indonesia (51) to directly compare this new liquid formulation 
of Ty21a, similar to the formulation used in the first, highly encouraging field trial 
of Ty21a in Alexandria, Egypt (133), with the enteric-coated capsule formulation.  
In both trials the vaccine administered as a liquid suspension was superior to the 
vaccine in enteric-coated capsules. In the Santiago trial, over three years of follow-up, 
the liquid suspension formulation conferred 77% efficacy (95% confidence interval 
[CI], 60%–87%; p<0.0001), whereas in the Indonesian trial the liquid formulation 
conferred 53% efficacy (95% CI, 35%–66%; p<0.0001). Over two additional  
years of follow-up in the Santiago trial, the vaccine conferred 79% protection  
(95% CI, 56%–90%; p<0.001), giving a total five-year point estimate of vaccine efficacy 
of 78% (65%–87%; p<0.001). 



13

3.2.3 Purified Vi polysaccharide parenteral vaccine 

In the 1970s and early 1980s, methods were developed to purify Vi capsular 
polysaccharide so that it was 99.8% free of contaminating LPS and was not denatured 
(32,55,136,137,138). This was an important breakthrough because as little as 5% 
impurity with LPS can result in systemic adverse reactions in a small percentage of 
recipients (137). By contrast, when Vi vaccine is highly purified, it is well-tolerated 
and febrile reactions are observed in only 1%–2% of subjects. In clinical trials,  
well-tolerated 25 µg and 50 µg single parenteral doses of purified Vi stimulated rises of 
serum Vi antibodies in the vast majority of vaccinated adults and school-age children 
(55,137,138). Administration of subsequent parenteral doses did not achieve boosts in 
antibody (139); thus, the Vi polysaccharide functions as a T cell-independent antigen. 
The antibodies elicited by a single dose persist in some subjects for up to three years 
(140,141,142). However, follow-up of groups of adults from non-endemic areas who 
were immunized with a dose of Vi vaccine show that serum Vi antibodies in general drop 
markedly after two years and less than one-half of subjects still have protective levels 
(141,142). Passive surveillance carried out during field trials showed the Vi vaccine to 
be as well-tolerated as the licensed (meningococcal and pneumococcal) polysaccharide 
vaccines that served as the control preparations in these trials (55,138). 

Two randomized, controlled, double-blind field trials were carried out in Nepal (55) 
and South Africa to assess the efficacy of a single 25 µg dose of non-denatured purified 
Vi vaccine. Over 17 months of surveillance in Nepal, the vaccine conferred 72% vaccine 
efficacy (95% CI, 42%–86%; p=0.004) (55). In South Africa, the vaccine provided 
64% protection (95% CI, 36%–79%; p<0.001) over 21 months of follow-up (138) and 
55% efficacy (95% CI, 30%–71%; p<0.0001) over three years (143). The Nepal trial 
included all ages from preschool to adulthood (55), whereas the South African trial was 
performed in schoolchildren (138). A third controlled field trial, carried out in subjects 
3–50 years of age in Guangxi, China, evaluated the protective efficacy of a single 30 µg 
dose of a Vi polysaccharide vaccine manufactured in China (52). The vaccine conferred 
69% efficacy (95% CI = 28%–87%; p<0.0038) over 19 months of follow-up. 

An advantage of the Vi vaccine is that it provides a moderate level of protection 
after just a single dose. On the other hand, there are no robust data to suggest that 
the efficacy of Vi persists beyond three years; efficacy was 55% at three years in the  
South African trial (143). This concern over the relatively short duration of protection of 
Vi and the need for reimmunization to extend protection has been heightened following 
an epidemiologic investigation of an outbreak of typhoid fever that occurred among 
Vi-vaccinated French soldiers deployed to the Ivory Coast (144). Prior to the outbreak, 
the standard operating procedure had been to immunize French soldiers with Vi vaccine 
every five years. The outbreak investigation revealed that receipt of Vi more than  
three years earlier was associated with a significantly increased risk of developing 
typhoid fever during the outbreak (144). 

Public-health authorities in China responded to an outbreak of typhoid fever  
in schoolchildren by offering Vi vaccine. A comparison of the attack rate of  
culture-confirmed and possible typhoid fever in recipients of Vi, and non-recipients, 
suggested that the vaccine may have conferred ~ 70% protection during the outbreak 
(145). Vi vaccine may therefore be useful in controlling epidemics of typhoid fever.
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Immunity to S. Typhi is complex and, depending on the vaccine, involves serum 
(mainly IgG) antibodies, intestinal secretory IgA antibodies or systemic cell-mediated 
immune (CMI) responses that include contributions from CD4+ T helper (Th) and 
CD8+ cytotoxic T-cells (CTL). Serum antibodies to S. Typhi surface antigens such as 
Vi play an important role in defense against typhoid bacilli when they are extracellular. 
By contrast, it is CMI that eliminates S. Typhi when they are intracellular in the human 
host and are shielded from contact with antibodies and complement. As described below, 
oral Ty21a vaccine elicits a broad immune response against S. Typhi that includes both 
humoral and CMI components, while Vi polysaccharide vaccine stimulates serum IgG 
Vi antibodies that appear to attack S. Typhi while the bacteria are extracellular. 

4.1 Ty21a live oral vaccine

4.1.1 Serum antibody responses

Ty21a is not a powerful stimulator of serum antibody responses. Nevertheless, 
measured by enzyme-linked immunosorbent assay (ELISA), the majority of recipients 
of Ty21a manifest modest but significant rises in serum IgG antibody against the  
O polysaccharide of S. Typhi (120,132,146). The rate of seroconversion of IgG  
anti-O antibody increases as more doses are administered within a period of seven days 
(120), or if more Ty21a organisms are administered per dose (147). Since Ty21a does 
not express Vi polysaccharide, anti-Vi antibody responses are not induced.

4.1.2 Mucosal antibody responses

Intestinal (jejunal fluid or faecal) secretory IgA antibody responses have been reported 
following oral immunization with various formulations and regimens of Ty21a, 
including several known to be protective (147–150). 

4.1.3 Gut-derived IgA antibody secreting cells following oral immunization 
with Ty21a

Approximately 7–10 days following oral immunization with Ty21a, antibody secreting 
cells (ASCs) that produce specific IgA to S. Typhi O polysaccharide, can be readily 
detected among peripheral blood mononuclear cells. The magnitude of the IgA O ASC 
response was greater in individuals who received formulations that gave better efficacy 
in field trials (151–156). The demonstration of trafficking IgA ASCs that make antibody 
to Typhi O polysaccharide is considered a measure of priming of the mucosal immune 
system. Most of these ASCs carry integrin α4β7 homing markers that direct the cells 
back to the intestinal mucosa (156,157,158). 

4. Immune responses to 
currently licensed typhoid 

vaccines
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4.1.4 Cell-mediated immune responses (CMI) 

Oral Ty21a vaccine stimulates both CD4+ helper T-cells and CD8+ cytotoxic T-cell 
responses, both of which are believed to play roles in defence against S. Typhi. 
The CMI responses that follow oral immunization of subjects with Ty21a include 
lymphoproliferative responses, secretion of Th type-1 cytokines (e.g. interferon-γ 
[IFN-γ]), tumour necrosis factor-α (TNF-α), classical class Ia-restricted CD8+ 
CTLs (159,160) and novel, non-classical class-Ib HLA-E-restricted CD8+ CTLs 
(160,161). Based on their expression of homing molecules (CD62L, CCR7),  
CD45RO or CD45RA, two main populations of memory T-cells (TM) are recognized:  
T central memory (TCM) and T effector memory (TEM) (162,163). Although TEM 
populations appear ready for immediate effector action, TCM are important in the 
generation of a new wave of effector T-cells. Flow cytometric analysis has shown that 
T-cell clones derived from Ty21a vaccinees exhibit a T-effector memory phenotype, 
i.e. CCR7(-), CD27(-) CD45RO(+) CD62L(-), and co-express gut homing molecules 
(i.e. high levels of integrin α4β7, intermediate levels of CCR9, and low levels of 
CD103) (161). The long-term T-cell responses to Ty21a are oligoclonal and involve 
multiple T-cell receptor (TCR) Vbeta families. The S. Typhi-specific CD8(+) T-cells 
bearing defined Vbeta specificities that appear after oral immunization with Ty21a 
are phenotypically and functionally consistent with T effector memory (TEM) cells 
with gut homing potential (161). Some of these key findings were confirmed by other 
investigators (164,165). These responses are likely to be important in resistance to  
S. Typhi by several mechanisms, including increased macrophage bactericidal 
activity, enhancement of antigen presentation and lysis of S. Typhi-infected targets.  
Notably, no correlations were observed between CMI and serum antibody responses 
in multiple studies (166,167,168). 

4.1.5 Antibody-dependent cellular cytotoxicity responses

Another interesting immune response has been described following oral immunization 
with Ty21a in which post-immunization sera from vaccinees mixed with peripheral 
blood mononuclear cells and wild type Salmonella Typhi allows intracellular killing of 
the bacteria (148,169,170). Hence, this can be viewed as a form of antibody-dependent 
cellular cytotoxicity. Pre-immunization sera are not able to support intracellular killing. 
Notably, the specificity and biological activity of the post-vaccination serum antibodies 
have been reported to reside within IgA class. 

4.2 Purified Vi polysaccharide

4.2.1 Serum antibodies

Parenteral administration of purified Vi polysaccharide stimulates serum 
antibodies, including IgG, in approximately 85%–95% of vaccinees > 2 years of 
age (55,108,137,138,139,142,171–176); by contrast, responses in toddlers were weak 
and shortlived (171). The serum IgG antibodies elicited by this vaccine are believed 
to mediate the observed protection (55,138,143). As this polysaccharide behaves 
as a T-independent antigen, immunologic memory is not stimulated (139,172).  
Vi polysaccharide, like other purified polysaccharide vaccines, stimulate generally 
shortlived B-cell responses by cross-linking the B-cell receptor (177). This drives 
the B-cells to differentiate to plasma cells that produce Vi antibody and results in a 
depletion of the pool of memory B-cells without the generation of new memory B-cells 
(177). Thus, without the induction of immunologic memory, whatever serum antibody 
levels are reached after an initial parenteral inoculation with Vi cannot be boosted 
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further by the administration of additional doses. Moreover, the depletion of memory 
B-cells implies that the administration of subsequent doses of the T-independent 
polysaccharide vaccine may be accompanied by lower serologic responses than were 
observed after the initial vaccination (hyporesponsiveness). This is a phenomenon that 
has been well described with meningococcal polysaccharide (178,179) and pneumococcal 
polysaccharide (180,181) vaccines. Hyporesponsiveness has not been specifically 
looked for with Vi vaccine. However, there are some data to suggest that the response 
to a re-immunization with Vi two to three years after the initial immunization, when 
antibody titres have fallen, does not fully restore the titres to the peak level observed 
after the initial immunization (142). By contrast, another study showed that the titres 
following a re-immunization with Vi 27 months after the initial immunization did 
restore serum anti-Vi to the same peak titre recorded after the initial immunization 
with Vi more than two years earlier (139). A study with locally-produced Vi vaccine 
was carried out in China to address the safety and immune responses of re-vaccination 
of school-age children three years after an initial Vi vaccination versus response to a 
primary immunization with Vi (182). Re-vaccination was well tolerated. The geometric 
mean titre (GMT) of serum Vi antibodies measured by passive haemagglutination was 
1:40 in primary vaccines and 1:29 in re-vaccinated children (p=0.24); the fold rise in 
anti-Vi was 7.7-fold in primary vaccinees but was 3.1-fold in re-vaccinated children 
(p<0.001) (182).

 Although the administration of repetitive spaced doses of Vi vaccine fail to boost 
the levels of IgG Vi antibody above the level achieved following the initial dose,  
when protective levels of serum IgG antibody drop after ~ 2–3 years, re-immunization 
with a dose of Vi vaccine returns the antibody titres to the level observed after the initial 
dose (139) or to a level about two-thirds of the level initially achieved (geometric mean 
1.81 mcg/mL versus 2.72 mcg/mL) (142). 

Several investigators have proposed levels of serum Vi antibody titres following 
administration of Vi polysaccharide vaccine that might be considered a threshold for 
protection, including: 1.0 mcg/ml (143) and 1.5 mcg/ml (176). (Notably, based on the 
results of an efficacy trial with a Vi conjugate vaccine and serological measurements,  
a much lower threshold, 3.52 EU, equivalent to 0.11 mcg/mL of serum Vi antibody, 
has been proposed to constitute a protective threshold following administration of that 
vaccine) (54). Most of the serum IgG antibody stimulated by Vi vaccine is purported 
to be IgG1 subtype (183). Little is known regarding the biologic activity and the sites 
of action (e.g., bloodstream, intestinal surface, gallbladder) of the serum antibodies in 
humans stimulated by the Vi vaccine. 
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When considering the public-health use of Ty21a and Vi typhoid vaccines, two 
critical biological parameters to be considered with respect to the efficacy of each of  
these vaccines are the point estimate of vaccine efficacy derived from large-scale, 
randomized controlled field trials, and the duration of efficacy.

5.1 Ty21a

5.1.1 Preliminary assessment of efficacy in experimental challenge studies in 
volunteers

The initial demonstration of the biological capacity of Ty21a to protect immunologically 
naive subjects against typhoid fever came from the experimental challenge of healthy 
adult volunteers who ingested multiple (five to eight) 1010 colony-forming unit (CFU) 
doses of Ty21a administered as freshly harvested organisms, and were challenged  
5–9 weeks later with 105 CFU of Quailes strain wild type S. Typhi (184).  
Vaccinated subjects had a significantly lower attack rate than unimmunized control 
subjects (vaccine efficacy 87%, p=0.0002).

5.1.2 The different formulations of Ty21a that were assessed for efficacy in 
large-scale, controlled field trials

In pre-licensure studies, four different formulations of Ty21a were evaluated for 
efficacy in large-scale, randomized, double-blind, controlled field trials, including: 
(1) the “Alexandria” formulation consisted of vials containing ~ 3 x 109 CFU of 
lyophilized vaccine that were reconstituted with 30 ml of phosphate-sucrose diluent and 
administered after paediatric subjects chewed a sodium bicarbonate tablet to neutralize 
gastric acid (133,185).; (2) a gelatin capsule formulation containing ~ 1–3 x 109 CFU 
of lyophilized vaccine that was co-administered with two other gelatin capsules, each 
containing 0.5 gm of sodium bicarbonate to neutralize gastric acid (48); (3) a hydrox
yprophymethylcellulosephthalate-coated, acid-resistant, enteric capsule formulation 
containing ~ 1–3 x 109 CFU of lyophilized vaccine (48). In vitro these enteric capsules 
resist gastric acid (pH 1.5) for at least two hours but dissolve within 10 minutes of 
exposure to artificial intestinal fluid of pH > 6.0. (4) A “liquid” formulation consisting 
of an aluminium foil sachet containing 1–3 x 109 CFU of lyophilized Ty21a and 
another aluminium foil sachet containing buffer powder to neutralize gastric acid. The 
contents of the two sachets are mixed together in a cup with 100 ml of water to create a  
“vaccine cocktail” that is ingested by the subject to be vaccinated (49). 

Two of the above-mentioned formulations (enteric-coated capsules and “liquid” 
formulation) are currently licensed by regulatory authorities but only the enteric-
coated capsule formulation is currently manufactured and marketed.

5. Vaccine efficacy
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5.1.3 Efficacy of the Alexandria formulation

In Alexandria, Egypt, ~ 32 000 primary school children 6–7 years of age were randomly 
allocated to receive three doses of vaccine or placebo administered in an every other day 
schedule (133,185). In total, 16 486 children were allocated to receive Ty21a vaccine,  
of whom 14 735 got all three doses, while 15 902 children were allocated to the control 
group and 14 557 of these ingested all three doses of placebo. Children seen at health 
clinics with fever of at least three days duration had blood cultures obtained to detect  
S. Typhi, and only bacteriologically-confirmed cases were considered in the assessment of 
vaccine efficacy. Over three years of follow-up, there were 22 cases of bacteriologically-
confirmed typhoid fever in the 15 902 placebo recipients versus only a single confirmed 
case in the 16 486 vaccine recipients, yielding a point estimate of vaccine efficacy of 
95.6% (CI, 77%–99%; p,0.001) (133). The breakthrough case of typhoid in the vaccine 
group was in a child who received only two doses of vaccine, and the illness occurred 
during the third year of follow-up. 

Although the “Alexandria” formulation was not amenable to large-scale manufacture, 
the results of this first field trial corroborated the encouraging results observed in the 
immunologically-naive adult volunteer challenge study and demonstrated that the 
vaccine had the ability to protect children at risk in a typhoid-endemic area. 

5.1.4 Efficacy of the gelatin capsule/bicarbonate formulation

The efficacy of the gelatin capsule/bicarbonate formulation was assessed in the 
same randomized, placebo-controlled field trial that also assessed the efficacy of the  
enteric-coated capsule formulation (48). The gelatin capsule/bicarbonate formulation 
gave poor protection and so further work with this formulation was abandoned (48). 

5.1.5 Efficacy of the enteric-coated capsule formulation

The efficacy of the enteric-coated capsule formulation was evaluated in a large 
randomized, controlled trial in Area Occidente, Santiago, Chile, in which schoolchildren 
6–19 years of age received three doses of this formulation of Ty21a according to  
two different immunization schedules (48 hours between doses, as in Alexandria,  
Egypt, or 21 days between the doses), or placebo. A total of 22 170 children received 
three doses of enteric-coated capsules by the short interval regimen (48 hours between 
doses), 21 598 received three doses by the long interval regimen (21 days between 
doses) and 21 906 children received placebo. Over three years of follow-up, there were  
68 cases of bacteriologically-confirmed typhoid fever in the placebo group and  
23 cases in the short interval vaccine group, yielding a point estimate of vaccine efficacy 
of 67% (CI, 47%–79%; p<0.0001). There were 34 cases of confirmed typhoid fever 
in the long interval group, providing a point estimate of vaccine efficacy of 49%  
(CI, 24%–66%; p=0.0006). 

Based on these data, the enteric-coated capsule formulation of Ty21a was commercialized 
and licensed in many countries, with a recommendation to administer the three doses 
with an every other day spacing between doses. 
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5.1.6 Efficacy of the sachet “liquid” formulation

Following the success of the enteric-coated capsule formulation, leading to its licensure 
by many countries, a new sachet formulation was developed that bore certain similarities 
to the “Alexandria” formulation except that the dose of lyophilized vaccine was 
contained in a sachet, rather than in a vial, and the buffer was different. The so-called 
sachet “liquid” formulation was tested for efficacy in two randomized, controlled field 
trials in Santiago, Chile (49) and Plaju, Indonesia (51). Besides the possible enhanced 
efficacy that might be expected, this formulation was amenable for immunizing infants 
and toddlers, as well as older children and adults. 

In the Santiago field trial (49), 36 623 schoolchildren 6–19 years of age were allocated 
to receive three doses (109 CFU per dose) of the liquid formulation of vaccine 
(administered as a vaccine cocktail with buffer), while 10 302 children of the same age 
were allocated to get an identically appearing placebo; doses of vaccine or placebo were 
given in an every other day schedule. Over three years of follow-up, the incidence 
of bacteriologically-confirmed typhoid fever was 272 cases per 105 schoolchildren,  
while the incidence of confirmed typhoid in the “liquid” formulation vaccine group 
was 63 cases per 105 schoolchildren. This difference yields a point estimate of vaccine 
efficacy of 77% (CI, 60%–87%; p<0.0001).

In the field trial in Plaju, Indonesia, subjects (3–44 years of age) were randomly 
allocated to receive three doses of liquid formulation of vaccine (N=5066) or  
three doses of “liquid” placebo (N=5146); an additional 5122 children received placebo 
in capsule formulation. Doses of vaccine and placebo were administered one week apart 
(51). Over 30 months of follow-up, among the 10 268 combined placebo recipients, 
the incidence of confirmed typhoid fever was 810 cases per 105 persons, while among 
the 5066 recipients of liquid formulation vaccine the incidence of confirmed typhoid 
was 379 cases per 105 persons. This difference indicates a point estimate of efficacy of 
53% (CI, 36%–66%; p<0.0001) for the liquid formulation (51). 

5.1.7 Duration of efficacy of the enteric-coated capsule and liquid 
formulations

Follow-up of the cohorts in the Area Occidente trial and in the liquid formulation field 
trial were continued for a total of seven years and five years, respectively, allowing a 
robust estimate of the protection over that extended period. Over seven years of follow-
up, the enteric-coated capsule formulation of Ty21a conferred 62% vaccine efficacy  
(CI, 48%–73%; p<0.0001) (135,209). In the field trial in Area Suroriente, follow-up over 
five years demonstrated a point estimate of vaccine efficacy of 78% (CI, 65%–87%; 
p<0.0001) (135). These extended follow-up data document that Ty21a provides an 
impressive duration of protection. 



The Immunological basis for immunization series - Module 20: Salmonella enterica serovar Typhi (typhoid) vaccines20

5.1.8 Evidence for cross protection against S. Paratyphi

During the field trials of Ty21a in Area Occidente and Area Norte in Santiago,  
Chile there was a considerable amount of paratyphoid fever due to S. Paratyphi 
B, thereby allowing an estimation of vaccine efficacy against S. Paratyphi B (186).  
There was a trend in each trial indicating protection against S. Paratyphi B disease  
(56% efficacy in Norte and 38% efficacy in Occidente) (186). To enhance statistical 
power, an analysis was performed of pooled data from the two trials. The pooled analysis 
was justified by the following facts: epidemiologic surveillance and microbiologic 
methods in the two trials were identical; the trials overlapped during 22 of the 36 months 
of follow-up in each trial; the estimates of efficacy against Paratyphoid B in the two trials 
were roughly similar, and the ratio of follow-up of vaccinees to controls in both trials 
was approximately 1:1. In the pooled analysis, Ty21a conferred significant protection 
against Paratyphoid B disease; 49% vaccine efficacy (CI, 8%–73%; p=0.019). 

There was not enough disease caused by S. Paratyphi A in the Chilean field trials to 
assess vaccine efficacy against that pathogen. However, there were enough cases of  
S. Paratyphi A in the Plaju, Indonesia trial to allow an assessment of whether Ty21a 
appears to offer cross protection against this pathogen (51). In the Indonesian venue 
there was no hint that Ty21a can confer protection against paratyphoid A illness 
(51). 

5.1.9 Indirect protection of non-vaccinated subjects

Evidence that Ty21a can provide indirect protection for non-vaccinated subjects comes 
from monitoring of the incidence rate in the placebo control group in the first of  
four large-scale field trials carried out in Santiago, Chile, and observing the indirect 
effect as mass immunization with Ty21a was carried out in other administrative areas 
of the city as part of additional large-scale field trials. During the first year of follow-up 
in a randomized, placebo-controlled field trial of efficacy in Area Norte, the incidence 
of confirmed typhoid in the control group was 227 cases per 105 school children (50).  
This incidence rate was similar to the incidence seen in the previous four years in  
school-age children in Area Norte. Follow-up during the second year of the field trial 
in Area Norte occurred coincident with the performance of a very large field trial in 
adjacent Area Occidente involving > 109 594 children, 80% of whom received one or 
another formulation or regimen of Ty21a vaccine and 20% of whom received placebo. 
During this second year of follow-up in Area Norte the incidence of confirmed 
typhoid fell to 139 cases per 105 schoolchildren, a decrease of 39% (120). Shortly before 
the third season of follow-up began in the Area Norte trial, ~ 217 000 children in  
Area Sur and Area Central of Santiago received two, three or four doses of the enteric-
coated capsule formulation of Ty21a (134). The incidence of confirmed typhoid in the  
Area Norte control group fell by 50% from the previous year, to reach a rate of only 
70 cases per 105 schoolchildren (120). A rate this low had not been seen in Area Norte 
for many years. During the fourth year of follow-up in Area Norte no additional field 
trial was carried out elsewhere in Santiago, and the incidence of confirmed typhoid 
rose by 30% over the incidence observed in the previous year (120). During the  
fifth year of follow-up an additional field trial was performed, mostly in Area Suroriente 
but also including six and seven year olds in Area Norte. The incidence of typhoid 
fell once again by 40% from the rate of the previous year (120). Collectively these 
data demonstrate that large-scale vaccination with Ty21a elsewhere in the city exerts 
an indirect herd immunity effect that diminishes the incidence rate in non-vaccinated 
subjects, an observation that is important from the public-health perspective. 
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5.2 Vi vaccine 

5.2.1 Pre-licensure efficacy trials in Nepal and South Africa of Vi vaccine 
manufactured in France

In five villages near Kathmandu, Nepal, 6907 subjects were randomized to receive a 
single intramuscular injection of 25 mcg of Vi polysaccharide (N=3457) or a dose of 
23-valent pneumococcal polysaccharide vaccine (25 mcg per capsular type) (N=3450); 
6438 of the subjects were between three and 44 years of age. Active surveillance 
was utilized to detect cases. Health workers visited the households every two days,  
except Sundays, to take temperatures. Subjects with a temperature of 37.8o C or 
above for at least three days were asked to have 6 ml of blood collected for culture.  
Over 17 months of follow-up there were 32 bacteriologically-confirmed cases of  
typhoid fever in the control group and nine confirmed cases of typhoid in the Vi 
vaccine group (55,209). These data indicate a point estimate of vaccine efficacy of 72%  
(CI, 42%–86%; p=0.004).  

In the eastern Transvaal area of South Africa, 5692 schoolchildren (99% were  
5–16 years of age) were randomly allocated to receive a 25 mcg dose of Vi vaccine, 
while 5692 control children received a dose of meningococcal A + C polysaccharide 
vaccine. Surveillance to detect cases was maintained by identifying children absent 
from school for at least three days and visiting them, and by drawing blood cultures 
from children who visited health clinics with fever (37.8o C or above) for at least three 
days. Over 21 months of follow-up, 47 cases of bacteriologically-confirmed typhoid 
fever were recorded in the control group versus 19 cases in the Vi vaccine group (138).  
This indicates a point estimate of vaccine efficacy of 60% (CI, 31%–76%; p<0.001). 
If cases are limited to subjects whose symptoms began more than six weeks after 
vaccination, the difference was 44 cases in the control group and 16 cases in the Vi vaccine 
group, yielding a vaccine efficacy estimate of 64% (CI, 36%–79%; p<0.001) (138). 

5.2.2 Efficacy trials of a Vi vaccine manufactured in China

A randomized, placebo-controlled field trial was performed in Guangxi Zhuang 
Autonomous Region in southwestern China. Enrolled subjects were children,  
who have the highest incidence of typhoid fever in this setting. A total of 131 271 subjects 
ranging in age from 3–50 years (but the majority of school age) were randomly allocated 
to receive a single 30 mcg dose of Vi polysaccharide (manufactured in China) or saline 
placebo (52). The subjects were followed for 19 months with passive surveillance that 
detected cases seen in the Regional Health and Anti-epidemic Centre. Clinically suspect 
cases of typhoid fever were confirmed by blood culture. Over 19 months, there were 
23 culture-confirmed cases of typhoid fever in the placebo group versus seven cases 
in the Vi group, yielding a point estimate of vaccine efficacy of 69% (CI, 28%– 87%; 
p=0.0038). Most of the cases occurred in school-aged children; 22 in the placebo group 
versus six in the Vi group (vaccine efficacy = 72%; CI, 32%–82%) (52). 
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5.2.3 Evidence for cross protection against S. Paratyphi

Since neither S. Paratyphi A nor S. Paratyphi B expresses Vi capsular antigen, there 
is no biological basis for serum Vi antibodies elicited by Vi vaccine to provide cross-
protection against these two serotypes. Not surprisingly, evidence from well-controlled 
field trials do not show any evidence of protection against disease caused by S. Paratyphi 
A or B (53). In theory, the Vi vaccine should offer protection against disease caused by 
S. Paratyphi C, which does express Vi capsular polysaccharide. However, this is a rare 
cause of enteric fever or other clinical forms of invasive disease, and there have been no 
data from field trials to document such protection, although it would be expected.

5.2.4 Indirect protection of non-vaccinated subjects

Evidence that Vi vaccine confers indirect protection comes from analysis of a Phase IV 
cluster randomized effectiveness trial in Kolkata, India in which 37 673 slum dweller 
children and adults got Vi vaccine (40 discrete geographic clusters) or hepatitis A 
vaccine (40 geographic clusters) (53). The clusters were stratified by ward and the 
number of residents who were age 18 years or younger (< 200 versus > 200 persons), 
and the number of residents who were older than 18 years of age (< 500 versus > 500 
persons), resulting in eight strata. Within each stratum, one half of the clusters were 
randomly allocated to receive Vi vaccine and the other half hepatitis A control vaccine. 
The average rate of vaccine coverage was 61% for the Vi vaccine clusters and 60% for 
the hepatitis A vaccine clusters. 

Typhoid fever was confirmed in 96 persons in the hepatitis A clusters versus 34 in 
the Vi vaccine clusters, providing a point estimate of vaccine effectiveness of 61%  
(CI, 4%–75%; p<0.001). In an adjusted statistical model, the Vi vaccine conferred 
significant indirect protection against confirmed typhoid fever among unvaccinated 
residents in the Vi vaccine cohorts, yielding a point estimate of 44% effectiveness 
(CI, 2%–69%; p=0.04) (53). The observation that considerable indirect protection of 
non-vaccinated persons against typhoid fever can be achieved with moderate levels of 
coverage with parenteral Vi vaccine is important from the public-health perspective. 
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6.1 Ty21a

Formulation is important in the practicality and efficacy of Ty21a. Vaccine in  
enteric-coated capsules is highly practical for immunizing children above seven 
years of age (when virtually all children can readily ingest a capsule) and adults.  
However, in one large trial ~ 8 % of children < seven years of age were not able to 
swallow Ty21a in capsule formulation. By contrast, in this age group, all children 
could ingest a “vaccine cocktail” consisting of lyophilized vaccine and buffer powder 
reconstituted with 100 ml of water (49). This double sachet “liquid formulation” was 
shown to be highly practical for immunizing toddlers and preschool children in Asia, 
and led to high rates of seroconversion of serum IgG O antibody (187,188). Based on 
these data that documented the practicality and immunogenicity of Ty21a in toddlers 
and preschool children (187,188), it is assumed that such a formulation might also be 
amenable to use in infants. Unfortunately, although licensed by regulatory authorities in 
a number of countries, no manufacturer is currently producing a “liquid formulation” 
of Ty21a. 

6.2 Vi

In pre-licensure studies, a lyophilized and a liquid formulation of Vi polysaccharide 
from one manufacturer were compared for clinical acceptability and immunogenicity 
(139). Only the liquid formulation was commercialized.

Two manufacturers produce combined hepatitis A-typhoid Vi combination vaccines 
to protect travellers from industrialized countries against both infections when they 
visit developing countries (189). 

6. Vaccine formulation  
issues



The Immunological basis for immunization series - Module 20: Salmonella enterica serovar Typhi (typhoid) vaccines24

7.1  Ty21a

At the time the large-scale, randomized, controlled, pre-licensure field trials in Santiago, 
Chile were evaluating the efficacy of the enteric-coated capsule formulation of Ty21a, 
it was not clear if the primary mechanism of protection was mediated via antibodies 
(either intestinal SIgA or serum IgG) or via cell-mediated immune mechanisms.  
Some immunologic correlations, including the enumeration of IgA antibody secreting 
cells that make IgA antibody to Salmonella Typhi O antigen, and titres of serum IgG 
anti-O antibody, suggested that humoral responses might be important. If humoral 
immune responses were in fact critical, one would expect that extending the interval 
between the administration of three doses of enteric-coated capsule of Ty21a to  
21 days between doses, rather than using the every other day schedule, would enhance 
the level of protection. By contrast, if cell-mediated immune mechanisms were 
more critical, it would be expected that administering the doses at the short interval  
(every other day) regimen might elicit greater protection. These two regimens 
were directly compared in the large-scale field trial in Area Occidente of Santiago,  
Chile where 21 598 schoolchildren 6–19 years of age were randomly allocated to receive 
three doses by the long interval regimen (21 days between doses), 22 170 schoolchildren 
to get three doses of enteric-coated capsules by the short interval regimen (48 hours 
between doses) and 21 906 schoolchildren to receive placebo (48). During the initial 
three years of follow-up, there were 34 cases of bacteriologically-confirmed typhoid 
fever in the long interval group, 23 cases in the short interval group and 68 cases in 
the placebo group. For the long interval regimen this translates to a point estimate of 
vaccine efficacy of 49% (CI, 24%–66%) versus a point estimate of vaccine efficacy of 
67% (CI, 47%–79%) for the short interval vaccine group. Although the overlapping 
confidence intervals bracketing the point estimates of vaccine efficacy indicate that 
the levels of efficacy were not statistically different, there was a trend to suggest that 
the short interval regimen (which was logistically simpler and more practical) was 
somewhat more efficacious.

In the large-scale, randomized, placebo-controlled field trial of the enteric-coated 
capsule formulation of Ty21a in Area Norte of Santiago, Chile, the efficacy of a single 
dose and of two doses (one week apart) of Ty21a were compared over five years of 
follow-up (50). In this trial, 27 620 schoolchildren were allocated to receive two doses 
of Ty21a, 27 618 got a single dose and 27 305 received placebo. The 2-dose regimen 
conferred significant protection during the first and second years of follow-up, including 
52% vaccine efficacy during year 1 (CI, 26%–69%; p<0.001) and 71% vaccine efficacy 
during year 2 (CI, 44%–85%; p<0.001) (50). The level of efficacy fell to non-significant 
levels during year 3 (22% efficacy), year 4 (19% efficacy) and year 5 (7% efficacy).

7. Vaccine schedule  
issues



25

When analysed separately, a single-dose of Ty21a in the Area Norte, Santiago,  
Chile field trial did not confer statistically significant protection during year 1  
(25% efficacy) or year 2 (35%), However, when data from the first two years of  
follow-up are pooled and analysed, the modest point estimate of vaccine efficacy of 
28.8% (CI, 4%–47%) was statistically significant (p=0.033). Collectively, these data 
document that two doses and even just a single dose of Ty21a in enteric-coated capsules 
provide some measureable protection against typhoid fever. 

In the large-scale effectiveness trial in Area Sur and Area Central of Santiago, Chile, 
225 998 schoolchildren were randomly allocated to receive either two, three or  
four doses of vaccine (every other day interval between doses). A total of 216 692 children 
received at least one dose of vaccine and 189 819 schoolchildren (84%) received all doses 
of the randomly assigned scheme; there was no placebo group in this effectiveness trial. 
The incidence of bacteriologically-confirmed typhoid fever in the three vaccine groups 
was compared after three years of follow-up. The incidence of confirmed typhoid 
was lowest in the four-dose group, highest in the two-dose group and intermediate 
in the three-dose group of schoolchildren. In both a per protocol analysis and in an  
“intent to treat” analysis the group that got four doses had a significantly lower incidence 
of typhoid fever than the group that got three doses of Ty21a. Based on the additional 
protection derived from administration of a fourth dose of Ty21a, the US Food and  
Drug Administration, and Health Canada, licensed Ty21a as a four-dose vaccine 
regimen, whereas a three-dose regimen is licensed in other countries worldwide.

7.2 Vi 

Once Phase II trials demonstrated that Vi polysaccharide does not elicit immunologic 
memory and that additional spaced doses of Vi do not boost serum Vi antibody levels 
above the levels stimulated by a single dose, subsequent field trials and effectiveness trials 
utilized only a single-dose regimen. However, a relevant question is the interval at which 
re-immunization with Vi should be undertaken to extend the period of protection once 
the antibodies from an earlier immunization have fallen or disappeared. Monitoring of 
serum Vi antibody has shown that Vi antibody levels in a large proportion of vaccinated 
subjects fall to putatively non-protective levels after two years, and are even lower by 
three years (141). Most efficacy and effectiveness trials of Vi vaccine have maintained 
follow-up for less than two years. However, one field trial has provided data for  
three years (143) and another for six years (190). Follow-up of subjects in those vaccine 
efficacy trials shows that at three years the level of protection falls (143,190) and evidence 
of efficacy is absent by the fourth year (190). Additional data relevant to the duration 
of efficacy of Vi and the question of when to institute re-immunization comes from an 
outbreak of typhoid fever among French military personnel who had been immunized 
with Vi vaccine (144). An outbreak investigation revealed that a significant risk factor for 
developing typhoid fever among the military personnel was having received Vi vaccine 
more than three years before the outbreak exposure (144); risk was also significantly 
higher in individuals who had received the vaccine more than two years before.
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Based on the evidence summarized above, one manufacturer of Vi vaccine recommends 
re-immunization after two years if there is continued exposure to S. Typhi. Based on 
the epidemiologic and serologic data at hand, it would appear that in endemic countries 
re-immunization of high-risk target populations (e.g. schoolchildren) should not 
be spaced more than three years apart. Little data are available on whether repeated  
re-immunizations with Vi polysaccharide can elicit hyporesponsiveness to the antigen, 
as has been reported with some other bacterial polysaccharide vaccines, such as 
meningococcal C and 23-valent pneumococcal polysaccharides (178,179,181). 
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8.1  Ty21a

An effectiveness trial involving 225 998 schoolchildren was carried out in the  
Southern (Sur) and Central administrative areas of Santiago, Chile to compare directly 
the protective effects of two, three, or four doses of Ty21a vaccine in enteric-coated 
capsules, and to assess the logistical practicality of Ty21a as a public-health tool;  
216 692 children received at least one dose of vaccine (134). This trial established 
the logistical practicality of school-based mass immunization of school-age children 
with an oral typhoid vaccine that involved the administration of multiple doses 
of vaccine (either two, three or four) within a 7-day period. One salient feature of 
this trial was the observation that ingestion of four spaced doses of vaccine resulted 
in a significantly lower incidence of typhoid than ingestion of three spaced doses  
(every other day schedule). Among children eight years of age and above there were no 
problems with ingestion of enteric-coated capsules of Ty21a vaccine. On the contrary, 
oral vaccination of classes went smoothly. Among six and seven year olds, ~ 5% had 
difficulty swallowing a capsule. 

8.2  Vi

In Asia there have been multiple effectiveness trials of Vi polysaccharide vaccine 
prepared by different manufacturers (53,191,192,193). These effectiveness trials have 
been large-scale and several were performed in areas where the incidence of typhoid 
was quite high, such as in, Kolkata, India, Jakarta, Indonesia and Karachi, Pakistan. 
The age groups collectively ranged from pre-school children to the elderly. These large 
trials established unequivocally that both school-based immunization (192) as well 
as community mass immunization of adults and children (191,193) could proceed,  
with appropriate prior mobilization of the community. 

One striking difference in effectiveness noted across two post-licensure, randomized, 
controlled clinical trials was the level of effectiveness recorded in preschool children. 
In a cluster randomized trial in Kolkata (53), significant protection was observed in 
children 2–4 years of age (53). Moreover, the protection seen in the 2–4 year olds  
(80%, 95% CI, 53%–91%) was higher (albeit not statistically significant) than that 
observed in 5–14 year olds (56%, 95% CI, 18%–77%) or older subjects (46%, 95% 
CI, 43%–79%). This was an unexpected result, since efficacy trials with other types of 
typhoid vaccines, such as parenteral killed whole-cell vaccines (124,125) and oral Ty21a 
(48), showed lower protection in younger children than in older children (48,124,125).  
In contrast to the Kolkata results, in an effectiveness trial carried out in Karachi, 
Pakistan, there was no evidence that Vi vaccine protected preschool children < 5 years 
of age, while it conferred significant protection on older subjects (Professor Zulfiqar 
Bhutta, Aga Khan University, personal communication). 

8. Vaccine effectiveness
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9.1 New generation vaccines under development

9.1.1 Attenuated strains as single-dose oral vaccines

New strains of S. Typhi that have been genetically-engineered to contain precise 
attenuating mutations have been successfully tested in Phase I and Phase II clinical trials, 
and shown to be well tolerated and immunogenic after ingestion of just a single oral dose. 
These live oral vaccine candidates include strains: M01ZH09, a derivative of the virulent 
S. Typhi strain Ty2 with deletion mutations in aroC and ssaV (a component of the type 
III secretion system encoded by Salmonella pathogenicity island-2) (194,195,196); 
Ty800, a Ty2 derivative deleted in phoP/phoQ (197); CVD 908-htrA, derived from Ty2, 
with deletion mutations in aroC, aroD and htrA (166,198); and CVD 909, a further 
derivative of CVD 908-htrA that constitutively expresses Vi (199,200). 

9.1.2 Parenteral Vi conjugate

Booster doses of purified Vi do not raise antibody titres over those elicited  
by a single dose of vaccine; i.e. immunologic memory does not occur. To remedy 
this, Vi polysaccharide has been conjugated to a carrier protein (recombinant 
exotoxin A of Pseudomonas aeruginosa) to increase its immunogenicity by conferring  
T-cell-dependent properties upon the antigen, including the induction of immunologic 
memory. In children and adults in endemic areas, booster doses of Vi conjugate vaccine 
clearly increase the titres of antibody over those elicited by a priming dose (54,56,201). 
A randomized, controlled field trial of Vi conjugate in children immunized at  
ages 2–4 years in the Mekong Delta of Viet Nam demonstrated 91.5% (CI, 77%–
97%) vaccine efficacy over 27 months of active surveillance (56) and 82% efficacy  
(CI, 22%–99%) during an additional 19 months of follow-up that utilized a passive 
surveillance system (54). This vaccine has not progressed to licensure.

Other Vi conjugate vaccines under development covalently link the Vi polysaccharide 
to tetanus toxoid (one licensed vaccine (202) and one in Phase III trial),  
diphtheria toxoid (pre-clinical) and CRM197 (Phase II) (203).

9. Future prospects
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9.2 Immune response to the new generation typhoid vaccines 

9.2.1 Single-dose live oral typhoid vaccine candidates
As discussed above, several live attenuated S. Typhi strains have been developed using 
recombinant deoxyribonucleic acid (DNA) technology. Among the candidates that have 
been evaluated in Phase I and Phase II clinical trials are Ty800 (197), CVD 908-htrA 
(166,198), CVD 909 (200,200a) and M01ZH09 (195,196,204,205). Oral immunization 
of adult volunteers with these vaccine strains elicited gut-derived IgA ASC and serum 
IgG and IgA antibodies to S. Typhi lipopolysaccharide O antigen. In the clinical trials 
with CVD 908-htrA, CMI responses were also intensively studied. CVD 908-htrA 
elicited robust CMI responses including S. Typhi-specific CD4+ T cells with the capacity 
to produce Th1-type cytokines (i.e. IFN-γ and TNF-α in the absence of interleukin  
4 [IL-4] and [IL-5]), as well as CD8+ cytotoxic T-cells that kill S. Typhi-infected 
target cells (167). Immunization with CVD 909 also elicited a wide array of CMI 
responses similar to those induced by CVD 908-htrA (206). Further studies of these  
responses revealed that oral immunization with attenuated S. Typhi strains elicits 
diverse S. Typhi-specific IFN-γ-secreting CD4+ and CD8+ T central memory (TCM ) 
and TEM subsets that express, or not, integrin α4/β7. Thus, these cells are able to migrate 
to the gut (if they express integrin α4/β7) or secondary lymphoid tissues (if they 
express L-selectin, CD62L) (207). These studies provide the first demonstration in a 
bacterial system in humans that CD3+ CD8+ TEMRA subsets are stimulated in response 
to oral vaccination. CD3+ CD8+ TEMRA subsets are widely regarded as the most active  
effector cells in viral systems (207). Taken together, these results provide strong evidence  
for the contention that memory/effector B- and T-cells recirculate in humans.  
However, the studies to characterize these cells are only just beginning. Lymphoproliferative 
responses and IFN-γ production were also observed in subjects immunized with  
M01ZH09 (196). In clinical studies conducted in the USA and Viet Nam, M01ZH09 was well  
tolerated and immunogenic in children 5–14 years of age, as well as in adults.  
Collectively, these results illustrate the wide range of effector responses that can be 
elicited by a single immunization with the new generation of attenuated S. Typhi 
vaccine strains in different age groups, all of which are believed to play important roles 
in protection.

9.2.2 Vi conjugate
To enhance the immunogenicity of the Vi polysaccharide vaccine, Vi was conjugated to 
the recombinant exoprotein (rEPA) from Pseudomonas aeruginosa and it was found to 
be safe and immunogenic in a series of clinical studies that included adults living in the 
USA and in endemic areas. Children of school and pre-school age from highly endemic 
areas who received the Vi conjugate vaccine had increased levels of Vi IgG antibodies 
compared with those that received the unconjugated Vi polysaccharide vaccine (56,201). 
The immunogenicity of the Vi conjugate was shown to be dosage-dependent, with 
higher doses of Vi-rEPA inducing higher levels of Vi IgG antibodies (208). A dose of 
25 µg of Vi as Vi-rEPA was recommended for immunization of 2–5 year old children.  
This dose induced the strongest serum IgG responses from the three doses tested  
(5, 12.5 and 25 µg) and conferred protection for at least four years (54). The Vi antibodies 
elicited by the conjugate vaccine are long lasting, reflecting the long-lived protection. 
At a point 42 months after children 2–5 years of age had been vaccinated, the geometric 
mean antibody level was 3.66 EU (interquartile range, 2.2–5.8 EU) compared to a 
geometric mean of 0.80 EU in children of the same age who had received placebo  
42 months earlier (interquartile range, 0.30–2.26 EU) (54). Preliminary data from 
ongoing long-term follow-up studies in adults suggest Vi IgG antibody levels may 
remain elevated (> 7-fold over baseline) for as long as 10 years after vaccination. 
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In a study in Viet Nam (210), 301 infants received EPI vaccines alone or with Vi-rEPA 
or Haemophilus influenzae type b-tetanus toxoid conjugate (Hib-TT) at 2, 4 and  
6 months of age and Vi-rEPA or Hib-TT alone at 12 months. Maternal, cord and infant 
sera were assayed for IgG anti-Vi and for IgG antibodies to Hib capsular polysaccharide 
and the diphtheria, tetanus and pertussis toxins at 7, 12 and 13 months. In the Vi-rEPA 
group, IgG anti-Vi geometric mean (GM) increased from the cord level of 0.66 to  
17.4 enzyme-linked immunosorbent assay units (EU) at seven months, declined to  
4.76 EU at 12 months and increased to 50.1 EU one month after the fourth  
dose, whereupon 95% of infants had levels of ≥3.5 EU (the proposed protective 
level). Anti-Vi GM did not increase in the controls. Infants with cord anti-Vi levels of  
<3.5 EU achieved significantly higher IgG anti-Vi levels than infants with cord  
anti-Vi levels of ≥3.5 EU. Antibody responses to the routine EPI vaccines were 
comparable in all groups. Vi-rEPA was well tolerated in young infants, elicited putative 
protective levels of anti-Vi and was compatible with several concomitantly administered 
EPI vaccines. 
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