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Abstract

Typhoid (enteric fever) remains a major cause of morbidity and mortality worldwide, causing over 

21 million new infections annually, with the majority of deaths occurring in young children. As 

typhoid fever-causing Salmonella have no known environmental reservoir, the chronic, 

asymptomatic carrier state is thought to be a key feature of continued maintenance of the 

bacterium within human populations. In spite of the importance of this disease to public health, 

our understanding of the molecular mechanisms that catalyze carriage, as well as our ability to 

reliably identify and treat the Salmonella carrier state, have only recently begun to advance.
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Salmonella spp. and human disease

Organisms belonging to Salmonella enterica sub-species I are estimated to cause over 93 

million new infections annually [1], and are responsible for a variety of clinical 

manifestations in humans. The primary Salmonella-induced diseases in humans are 

gastroenteritis (caused by non-typhoidal Salmonella; NTS) and typhoid fever (caused by S. 

Typhi and the various S. Paratyphi pathovars). Infections with S. Typhi are responsible for 

approximately 21 million new cases of typhoid each year, globally [2]. Annual mortality 

from typhoid is estimated to be >190,000 and has increased by 39% between 1990 and 2010 

[3]. Although rarely encountered in western countries, typhoid is not a conquered disease; a 

recent analysis of global mortality data revealed that, in highly endemic regions such as 

Southeast Asia and sub-Saharan Africa, the relative years of life lost to typhoid ranked 

similarly to those lost to breast cancer, prostate cancer, and leukemia in North America [3].

Acute Salmonella infections

NTS infection is characterized by acute enterocolitis accompanied by inflammatory 

diarrhea. These disease symptoms are thought to be driven by a rapid and efficient innate 

immune response to Salmonella surface-bound pathogen-associated molecular patterns 

(PAMPs), such as lipopolysaccharide (LPS) and flagellin, following localized bacterial 

invasion of the gastrointestinal (GI) mucosa [4]. Resultant interleukin-8 (IL-8)-mediated 

neutrophil recruitment and generation of reactive oxygen and nitrogen species, activity of 

antimicrobial peptides, and efficient phagocytic killing are thought to be critical for limiting 

NTS infections at an early stage [5].

Conversely, infections by invasive serovars such as S. Typhi and S. Paratyphi A rarely result 

in diarrhea, with the majority of patients experiencing fever, headache and malaise within 6–

30 days of bacterial ingestion [6]. In vitro studies have shown that the Vi antigen (Vi ag) 

capsule of S. Typhi (Box 1) facilitates escape of early, innate detection and aids subsequent 

systemic dissemination [7, 8]. Additional factors specific to typhoid-related strains (e.g. 

typhoid toxin [9]) also likely play a role in systemic disease. Salmonella spp. that cause 

typhoidal illness are able to survive and replicate within host cells, particularly phagocytes, 

transiting within these cells to common distal sites of acute infection including the liver, 

spleen, and bone marrow [5].

What is Salmonella chronic carriage?

Following the resolution of disease, approximately 2–5% of typhoid patients fail to fully 

clear the infection within one year of recovery, instead progressing to a state of carriage 

[10]. The basic requirements for establishment of long-term extraintestinal infection are 

likely to involve successful breach of the intestinal epithelial barrier, evasion of early innate 

immune-mediated killing, and localization to a permissive niche. The permissive niche in 

humans is primarily the biliary tract and gallbladder [11]. In order to induce gallbladder 

chronic carriage, organisms must enter the biliary tract either via a descending route after 

systemic infection, or an ascending route di rectly from the small intestine. In the ascending 

route, the bacteria would enter the biliary system via the sphincter of Oddi, which if 

malfunctioning due to surgical intervention or pathology, may fail as a mechanical barrier. 

Gunn et al. Page 2

Trends Microbiol. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



However, the more likely route is direct transfer into the gallbladder from the liver during 

the systemic phase of typhoid fever. Normally, Kupffer cells in the liver prevent toxic 

metabolites and bacteria from entering the hepatobiliary system and the continuous flushing 

action of bile and the bacteriostatic effect of bile salts keep the biliary tract relatively sterile. 

The failure of these, or other gallbladder functions, in addition to the organism’s ability to 

bypass these systems, likely induces and helps to maintain long-term carriage.

Gallbladder colonization and fecal shedding form a central dogma for the transmission and 

persistence of typhoid fever. Chronic carriers intermittently shed the bacteria for a 

prolonged, ill-defined period of time in the local environment and thus may spread the 

disease in the community and maintain a reservoir of infection [11]. Although the precise 

role of chronic carriers in disease transmission remains unclear, these asymptomatic carriers 

presumably act as reservoirs for a diverse range of S. Typhi strains and may act as a 

breeding ground for new genotypes [12]. Research conducted in hospitalized patients in 

Nepal undergoing gallbladder removal has shown that in addition to S. Typhi, S. Paratyphi A 

can also effectively colonize and persist in the gallbladder [13]. NTS strains have also 

recently been implicated in persistent human infections (Box 2). In this review we will 

discuss the current understanding and recent progress in the areas of epidemiology, 

diagnosis and resolution of persistent Salmonella infections.

The mechanisms of Salmonella persistence in the gallbladder

Evidence in support of gallbladder and gallstone biofilm carriage of S. Typhi

Although further studies are needed to understand the molecular mechanisms and 

epidemiological factors inducing the carrier state, there are numerous clinical indicators 

linking persistent Salmonella carriage to the human gallbladder. Gallbladder pathology is 

evident in 60% of patients at early stages of disease [14], indicating bacterial colonization of 

the gallbladder even during acute infection. In chronic carriage, there is a positive 

association with the presence of gallstones, which have been reported in up to 90% of S. 

Typhi carriers [15]. In patients from endemic regions undergoing cholecystectomy, 3.5% of 

gallbladder tissues harbored the bacterium [13] while electron micrographic observation of 

gallstones retrieved from such individuals demonstrate bacterial biofilm formation on the 

gallstone surface (Figure 1). Gallstones are present in 5–10% of the human population and 

gallstone disease is quite widespread [16]. Although identification of non-salmonellae 

bacteria in gallbladder tissues of cholecystectomy patients is not uncommon [17], gallstones 

of such patients infected with other Enterobacteriaceae are not similarly covered in a 

bacterial biofilm [18]. In vitro studies further demonstrate the inability of many bacteria that 

cause acute gallbladder infections to form a biofilm on gallstones under conditions in which 

salmonellae form biofilms [19]. Animal studies employing a newly developed murine model 

of chronic salmonellosis revealed that mice with gallstones exhibited an increased amount 

and duration of bacterial shedding. In agreement with observations of human S. Typhi 

carrier gallstones, microscopic examination of infected human and murine gallstones 

revealed dense bacterial biofilms on gallstone surfaces [18, 20].
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Salmonella are adapted to gallbladder colonization

Salmonellae appear to be well-adapted to survive in the gallbladder and both clinical and 

murine data strongly suggest that biofilm formation is involved in Salmonella gallbladder 

persistence. Biofilm formation is thought to be a patho-adaptive response permitting 

bacterial aggregation, surface adherence, and antimicrobial resistance through the 

elaboration of a thick, protective extracellular matrix. Laboratory studies have shown that 

Salmonella respond rapidly in vitro to growth in gallbladder mimicking conditions, 

increasing biofilm formation and antimicrobial resistance in the presence of bile [19], and 

altering expression of fimbrial and outer membrane proteins in response to growth in bile 

and on cholesterol substrates [21, 22]. Recent clinical evidence supports the notion of 

ongoing bacterial adaptation to the gallbladder environment; with clinical isolates from 

gallbladder carriers exhibiting a common genetic profile distinct from those of isolates 

infecting other sites of the body [23], potentially implying a specific S. Typhi genotype 

associated with preferential infection of gallbladder. Phenotypic differences (e.g. carbon 

utilization, biofilm forming ability, and motility) among strains isolated from stool versus 

systemic sites may imply unique gene expression patterns facilitating adaptation to different 

anatomic locations [24]. Such adaptation can be modeled in vitro as well through bacterial 

cultivation in gallbladder-mimicking conditions, such as growth on gallbladder epithelial 

cells or cholesterol-coated surfaces or gallstones in the presence of bile [25, 26].

Recent work has suggested that the gallbladder epithelium may also be a possible niche for 

bacterial persistence. Salmonella exhibit rapid surface association and intracellular invasion 

of gallbladder epithelial cells, and can form biofilms on the epithelial surface. Gallbladder 

epithelium invasion and sloughing can be observed during acute infection in a murine model 

of typhoid fever [27], with bacterial invasion of and replication within gallbladder tissues 

evident for >2 months after infection [28]. Invasion of the gallbladder epithelium can 

mediate further damage to the organ and may permit bacterial escape from the harsh 

gallbladder environment [27]. Infected epithelial cells may proceed to re-initiate active 

gastrointestinal infection through a process of extrusion wherein bacterially infected 

epithelial cells are expelled from the epithelial layer by neighboring cells [29, 30]. Both 

models of persistent gallbladder infection (epithelial invasion/periodic extrusion and 

gallstone biofilm formation) likely involve a relatively small foci of bacteria associated with 

ongoing, low-level gallbladder damage and inflammation with intermittent re-seeding of the 

GI tract with viable bacteria.

Although the shedding of viable bacteria is of primary concern for the community, this 

process of ongoing inflammation is significant for the individual, as evidence supporting a 

link between persistent infectious inflammation and neoplastic transformations has 

accumulated in recent years. Indeed, epidemiologic studies have shown that long-term 

bacterial persistence within the gallbladder results in a dramatically increased likelihood of 

gallbladder carcinoma [31]. Gallbladder cancer (GBC) is the 5th most common 

gastrointestinal malignancy and is considered to be the most aggressive type of biliary 

cancer. Population-level studies show that risk factors for GBC are similar to those for S. 

Typhi carriage and include female gender, >50 years of age, and residence in regions such as 

the Gangetic belt of India [31]. While gallbladder abnormalities and gallstones are 
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associated with an increased risk of GBC, it has been reported that chronic S. Typhi carriage 

is associated with as much as 12-fold increased risk of GBC development in these 

individuals. While the precise mechanisms remain unclear, chronic irritation or 

inflammation of the gallbladder epithelium may be an important feature of malignant 

transformation in GBC. Gallstones are known to increase damage to the epithelium, and it 

has also been proposed that bacterial or parasitic infections may alter the characteristics of 

bile, potentially producing cytotoxic byproducts [32]. The clinical association between S. 

Typhi infection and malignancy is supported by studies employing a murine model of long-

term gallbladder carriage of Salmonella in which histopathological analysis of gallbladder 

tissue revealed significant pathology from the presence of gallstones alone, but pre-

malignant transformations were present only in the gallbladders of mice with chronic 

Salmonella infections [30].

Epidemiology and treatment of chronic carriage

The epidemiological risk factors for becoming a persistent carrier have not been extensively 

investigated, primarily because this is a challenging population to prospectively identify. 

Studies conducted in endemic regions have shown an S. Typhi chronic carriage rate of 2 – 

5% and indicated that it may be possible to prospectively detect these individuals through 

their abnormally high anti-Vi antibody titers [33, 34]. Epidemiological studies are 

complicated by the fact that the majority of chronic carriers in endemic settings are 

asymptomatic [35], and up to 25% have no clinical history of typhoid [36]. Additionally, 

potential risk factors may be confounded by the fraction of the population with gallbladder 

abnormalities [37]. For instance, the risk of becoming a chronic carrier following an acute 

infection increases with age, is greater for women than for men, and is particularly 

associated with cholelithiasis and cholecystitis [10, 38].

During the course of infection with invasive Salmonella, carriage may be split into three 

different periods: convalescent, temporary, and chronic. Convalescent carriers shed the 

bacilli in feces for three weeks to three months post-infection. Temporary carriers shed the 

bacilli for between three and twelve months, and chronic carriers shed the bacilli for more 

than one year [36]. The precise importance of short-term, convalescent fecal carriers versus 

long-term, chronic carriers in the dynamics of transmission in endemic regions has not been 

fully evaluated [39]. The majority of typhoid infections do not result in chronic infections 

but resolve after a period of convalescence, which may be accompanied by up to three 

months of bacterial shedding. Therefore, ongoing transmission of disease in endemic regions 

is likely to be driven largely by these recently-infected patients [40]. This scenario is 

supported by epidemiological studies that have shown disease transmission to close contacts 

within the household primarily from convalescent carriers rather than chronically infected 

individuals [13, 41]. Further, improved genetic analysis employing haplotyping of S. Typhi 

isolates and whole genome sequencing in highly endemic regions such as Vietnam and 

Nepal also found that acute typhoid is generally associated with a random distribution of 

organisms, rather than the same genotypes in close proximity [42]. Mathematical modeling 

of transmission dynamics has supported a scenario in which the contribution of carriers to 

overall disease burden is difficult to discern in the context of the high overall number of 

transmission events occurring in epidemics and highly endemic regions [39]. In such 
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models, however, the role of carrier-transmitted infections becomes progressively more 

important as the overall incidence of disease decreases, becoming critical for the 

maintenance of a stable, endemic infection within the community. This scenario is supported 

by population data from regions where implementation of effective public health 

interventions to prevent and treat typhoid have resulted in dramatic reduction- but not 

elimination- of the disease [43]. Furthermore, in these regions, chronic asymptomatic 

carriers play an important role in continued disease transmission, with the majority of 

outbreaks being foodborne and associated with asymptomatic chronic carriers employed as 

food preparers or handlers [44]. Thus, as our ability to control overall disease burden 

improves, the role of chronic carriers will become increasingly important, making the 

identification and treatment of chronic carriers a key step in the eventual elimination of 

typhoid from a population.

Various antimicrobials have been used to treat chronic carriers; however, no treatment is 

completely effective in the resolution of chronic colonization of the gallbladder. Prolonged 

treatment courses with oral amoxicillin and ampicillin combined in some instances with 

probenecid or oral trimethorpim-sulfamethozaole have been used in the past, but did not 

always lead to successful eradication and are no longer recommended [45–47]. 

Fluoroquinolones appear to be more effective and better tolerated than amoxicillin; they are 

now the drug of choice for treatment of humans with chronic carriage [48]. A study of 28-

day course of norfloxacin (400 mg twice daily) in 23 carriers demonstrated a cure rate of 

86% in individuals with normal gallbladders and 75% in those with gallstones [49]. Smaller 

studies of ciprofloxacin (500 mg or 750 mg orally twice daily) for 14 to 28 days 

demonstrated cure rates of 90–93% [48]. However, the increasing development of multidrug 

resistant (MDR, defined as resistance to ampicillin, chloramphenicol, and trimethoprim) 

strains, decreasing susceptibility to fluoroquinolones, and development of beta-lactam 

resistance complicate treatment regimens of carriers. A study from Nepal found no MDR 

strains among the Salmonella isolated from chronic carriers [13]; whereas, in India, 19.4% 

of the S. Typhi isolates from chronic carriers were MDR; ceftriaxone resistance was also 

noted in 17% of the isolates [50]. Failure to effectively treat carriers with antimicrobials may 

be dependent on resistant organisms being selected in the gallbladder or the protective effect 

of biofilm formation. As carriage isolates are hypothesized to have been in the gallbladder 

for some time, the latter seems more likely and may be dependent on either slow or 

incomplete penetration of the antimicrobial into the biofilm, the biofilm altering the micro-

environment for the antimicrobial, or a bacterial sub-population that forms a highly 

protected phenotypic state similar to spore formation [51]. In the presence of severe 

cholelithiasis, antimicrobial therapy in combination with removal of the gallbladder 

(cholecystectomy) may be required [36], as biofilm infections usually persist until the 

colonized surface is surgically removed from the body. Cholecystectomy alone raises the 

cure rate to 85% [52], but importantly, does not guarantee elimination of the carrier state 

[53]. Additional foci of infection can persist in the biliary tree, mesenteric lymph nodes, or 

the liver [54].
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The rationale for the need of better diagnostics and preventive strategies

The introduction of public health principles such as sanitary infrastructure, pasteurization of 

milk, and water supply chlorination has led to the virtual elimination of typhoid from most 

developed countries in the 20th century [55]. It is anticipated that a similar shift will occur if 

these advances are made in currently endemic regions. In addition, in the short and 

intermediate term, a number of typhoid conjugate vaccines are in various stages of 

development and licensure. While there have been major public health efforts aimed at 

vaccination, and there is still hope for new, highly efficacious and safe vaccines, the most 

widely distributed form of the typhoid vaccine elicits protective immunity in only 50–70% 

of patients. The absence of a vaccine that is approved for use in young children (Ty21a ≥ 

5yrs, Vi polysaccharide ≥ 2yrs) leaves a pivotal portion of the population unprotected. 

Importantly, a number of typhoid conjugate vaccines (Box 1) are in late stage development, 

and these vaccines show excellent promise even in the youngest children. As these better 

vaccines are incorporated into typhoid fever control programs, and as broader public health 

advances are made, the importance of carriers in these areas will likely increase.

In search of diagnostic markers for Salmonella carriage

What are the current methods of detecting Salmonella carriers?

Detection of carriers poses a difficult challenge since up to 25% of these individuals do not 

recall a history of typhoid [36] and currently available diagnostic assays are limited. As 

shedding of the organisms is intermittent and sometimes occurs in low levels [56], methods 

to detect the organisms in feces have had significant limitations and are not amenable to 

large-scale screening. Standard practice has been to detect typhoid carriage through analysis 

of serial stool and urine samples, which is logistically difficult to perform at a population 

level and is associated with low sensitivity [56]. Cultures of duodenal specimens obtained 

by post-pyloric duodenal tube aspiration or string device have slightly better sensitivity, but 

limited public health utility [57, 58]. Recovery of S. Typhi or S. Paratyphi A in bile, 

gallbladder stones, or tissue of afebrile individuals undergoing elective cholecystectomy is 

considered a gold standard of diagnosis, but this approach also has minimal public health 

utility because of its invasive nature. Molecular methods have also been employed to 

increase sensitivity, including fluorescent antibody techniques on fecal smears, but 

sensitivity has not surpassed culture [59]. Polymerase chain reaction (PCR) amplification for 

S. Typhi specific genes (e.g. fimbrial gene staA or fliC) have performed well in detecting 

organisms in bile or gallbladder specimens [60], but current PCR methods have been less 

successful in detecting organisms in stool [61].

A serologic marker for detection of carriers is more practical, but there are drawbacks to the 

currently available methods. The Widal test, developed in 1896, detects antibodies against 

Salmonella LPS O antigen and flagellar H antigen; however, the Widal test is unable to 

differentiate carriers from individuals with a history of prior infection [62]. Various other 

antigens have been used to assist with identifying carriers [63]; perhaps most importantly to 

date have been those directed at the Vi ag that comprises the capsule of S. Typhi. In 1934, 

Arthur Felix identified the Vi ag and showed that antibody responses to Vi disappeared from 

the majority of patients recovering from acute typhoid fever, but that anti-Vi ag responses 
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persisted in the blood of chronic carriers [64]. Since then, various modified diagnostic 

techniques targeting Vi ag have been developed to increase the specificity and sensitivity of 

the test [65, 66]. Despite improvements in specificity, there remains ambiguity associated 

with the use of the test in endemic settings. There is high prevalence of elevated levels of 

anti-Vi antibodies in apparently healthy individuals in typhoid endemic areas, despite the 

fact that prevalence of culture-confirmed carriers remains low [67]. This may suggest that 

anti-Vi ag responses may be present either in chronic carriers or repetitively infected 

individuals in endemic zones. The detection of anti-Vi ag antibody, however, may remain 

useful in outbreak investigations in non-endemic areas [44].

New diagnostic strategies for carriers—In order to break the transmission cycle of S. 

Typhi and S. Paratyphi A, new strategies to identify chronic carriers that are specific, 

sensitive, and cost-effective are needed. Ideally, such approaches would be minimally or 

non-invasive, and could be deployed broadly to identify the few asymptomatic chronic 

carriers in a population. Serology-based assays targeting antigens expressed during acute 

infection have not proven to be effective. However, identification of antibody responses to 

antigens uniquely expressed by S. Typhi during the carrier state could lead to a useful 

diagnostic assay. In pursuit of this, an immunoscreening technique called in vivo-induced 

antigen technology was used to identify humorally immunogenic bacterial antigens 

expressed uniquely in individuals with S. Typhi biliary carriage [34]. Thirteen S. Typhi 

antigens were identified that were immunoreactive in carriers, but not in endemic zone 

healthy controls (Table 1). This included YncE (STY1479), an uncharacterized protein with 

ATP and DNA-binding domains. Further immunologic characterization of YncE 

demonstrated that IgG serum responses against YncE are elevated in S. Typhi carriers, but 

not in individuals at the acute or convalescent phase of disease, and not in healthy endemic 

zone controls [34]. Further analysis into the diagnostic po tential for carrier detection using 

YncE and the other antigens identified in this analysis are ongoing, as are the potential roles 

of these carrier-specific proteins in establishing and maintaining gallbladder carriage.

Another promising strategy is the identification of other host-associated peripheral blood 

biomarkers specific to the chronic carrier state. A study evaluating the transcriptional profile 

of acutely infected typhoid fever patients over time demonstrated that the transcriptional 

profile of the majority of typhoid fever patients appeared to revert to that of healthy controls 

within 9 months of acute infection. However, there was a small group whose transcriptional 

profile at 9 months remained similar to that of acutely convalescing patients. Although S. 

Typhi was not detected in the single stool sample obtained in the late phase from these 

individuals, such data may support the possibility that host biomarkers beyond antibodies 

may be used to identify carriers [68]. Similarly, another study comparing the proteome in 

the blood of chronic carriers, patients with acute typhoid fever, and healthy individuals 

identified changes in serum proteins that may be indicative of the chronic carrier state [69]. 

These and related studies suggest that development of an assay(s) to identify carriers is 

theoretically possible, although for maximal public health utility, any such assay(s) would 

need to be minimally or non363 invasive, inexpensive, practical, and easily applied in the 

field among target populations to identify a relatively few asymptomatic individuals.
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Concluding remarks

Asymptomatic, chronic gallbladder carriers of S. Typhi have been recognized for over a 

century, the most famous of these being Typhoid Mary, who was the subject of one of the 

first true epidemiological investigations of an infectious disease. What has been lacking are 

studies to address how this bacterium uniquely establishes a persistent infection in this organ 

and how we can better identify, diagnose, and treat these carriers. These issues need to be 

solved, as carriers represent a reservoir for the continued spread of infection of this human-

restricted pathogen (Box 3). Recent molecular and patient-based studies have advanced the 

field, and provide a foundational basis for a greater understanding of this chronic human 

illness.
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Highlights

• Salmonella enterica serovar Typhi and Paratyphi A can cause chronic, 

asymptomatic infection, persisting primarily in the gallbladder.

• Salmonella persists in biofilms on gallstones and the gallbladder epithelium.

• Identification of carriers is difficult as shedding is intermittent and current 

diagnostics are not reliably accurate.

• New treatment options are needed due to antibiotic resistance and gallbladder 

removal being a poor option in endemic regions.
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Box 1. Vi antigen

The Vi antigen (Vi ag) is a surface-associated capsular polysaccharide produced by S. 

Typhi, S. Dublin and S. Paratyphi C. Although not required for GI colonization, the Vi ag 

capsule is thought to enhance systemic virulence by: (i) increasing bacterial resistance to 

complement and phagocytic killing [78], and (ii) interfering with the generation of 

efficient primary and secondary immune responses by reducing pathogen-associated 

molecular pattern (PAMP) expression and/or exposure on the bacterial surface [8]. The 

Vi ag-encoding viaB locus is located within the SPI-7 pathogenicity island and is under 

the control of RcsB-RcsC and OmpR-EnvZ two-component regulatory systems [8, 79]. 

Activation of the viaB locus results in Vi ag production and concurrent repression of the 

flagellar master regulator flhDC by the TviA regulatory protein [80].

Vi ag expression can be lost following laboratory passage, and Vi ag genes have been 

found to be inactivated in some patient isolates. The Vi ag structure is composed of 

repeating units of (1–4)-2-deoxy-2-N-acetyl galacturonic acid [81], and the 

immunogenicity of Vi ag is largely a function of O-acetylation at the C-3 position. 

Although clinical reports have shown that naturally occurring anti-Vi titers do not 

necessarily correlate with protection from subsequent infection [82], vaccines generating 

anti-Vi antibodies do provide significant protection against typhoid [83]. Currently 

available Vi polysaccharide vaccines provide up to 70% protection in adults for 

approximately 2 years while newer Vi-conjugate vaccines demonstrate up to 90% 

protection, although protection is more limited in children under 2 years of age [83, 84]. 

While not 100% efficacious, prophylactic vaccination following natural disasters, in 

which the water supply was compromised, has been shown to mitigate typhoid outbreaks 

[85]. New formulations of Vi-conjugate vaccines, in which Vi ag polysaccharide is 

conjugated to a carrier protein (such as Pseudomonas aeruginosa exoprotein A (rEPA), 

diphtheria toxoid (DT), an inactivated form of diphtheria toxin (CRM-197) and even 

modified fruit pectin) have shown significant promise and are being targeted for use in 

young children [83, 86, 87].
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Box 2. NTS carriage

It has long been known that some enteropathogens (including non-typhoidal Salmonella) 

can continue to be excreted asymptomatically in stool for many weeks following 

resolution of an initial diarrheal episode [88]. Although asymptomatic carriage of NTS is 

thought to occur infrequently (0.15% in healthy adults, 3.9% in children [89]) clinical 

reports indicate that NTS may have the potential for longer-term human carriage. As with 

S. Typhi, there is a distinct delay between the resolution of disease symptoms and 

clearance of NTS from the body, and reports of extended NTS shedding by convalescent 

patients are common (<28 days to >55 days [90, 91]). Interestingly, administration of 

antibiotics does not facilitate clearance of infection in these patients [92], and may 

actually increase duration of asymptomatic shedding [93].

While reported most commonly in the context of patients with impaired immunity 

(transplant, elderly, HIV+, malaria co-infection) there are numerous, well-documented 

cases of otherwise healthy carriers of NTS [94]. These reports provide a clinical picture 

of NTS carriage that shares several features with our current understanding of typhoid 

carriage, including: intermittent periods of active shedding marked by months-long 

intervals of culture negativity, shedding that is associated with transmission to close 

contacts, recalcitrance to treatment and eradication and a high (60%) co-incidence with 

gallstones [89, 94]

The possibility for long-term human carriage of NTS is particularly important in sub-

Saharan Africa, where recent reports have indicated the emergence of invasive NTS 

(iNTS) exhibiting numerous characteristics classically associated with typhoidal 

serovars. For instance, phylogenetic analysis based on whole-genome sequences of such 

iNTS isolates has indicated genomic degradation representing potential host-adaptation 

[95]. Clinical findings have implied long-term, relapsing infection reminiscent of 

carriage, and epidemiology studies indicate direct human-to-human transmission [96]. 

Hepatobiliary pathology is a sequela of acute NTS disease [97, 98], and abnormalities of 

the biliary tree have been implicated as a predisposing factor to development of iNTS in 

children [91], implying that bacterial colonization of this organ may be a factor in 

invasive NTS as well.
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Box 3. Outstanding questions

• Is there a critical level of typhoid endemicity at which chronic carriers account 

for the majority of new transmission?

• Can we identify a sensitive and minimally invasive way to detect asymptomatic 

chronic carriers?

• Can we develop improved regimens to treat asymptomatic carriers?

• What is the role that carriers of S. Paratyphi A play in transmission and/or 

maintenance of (para)typhoid fever in a population?

• What are the ethical considerations of carrier surveillance?

• What is the primary mechanism of gallbladder carriage: biofilms on gallstones, 

biofilms on the gallbladder epithelium, or invasion of the gallbladder 

epithelium?

• What are the bacterial and host responses that allow development and 

maintenance of asymptomatic chronic gallbladder carriage?

• What is the role of the Vi ag and other extracellular matrix components in 

biofilm formation and establishment of gallbladder carriage?
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Figure 1. 
Biofilm formation on gallstones of typhoid carriers. Gallstones from Nepalese patients 

without (A) and with (B) S. Typhi chronic infections were imaged by scanning electron 

microscopy (SEM). After removal from the patient, the gallstones were air dried in a 

laminar flow hood for 24 hrs. They were then fixed in 2.5% glutaraldehyde (0.1M Phosphate 

buffer, 0.1M sucrose, pH 7.4) for 24 hrs., washed 3 times with water and air dried prior to 

SEM. Note the extensive biofilm of bacteria in image B with a visible extracellular matrix 

that encases and protects the bacteria.
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Table 1

Immunoreactive S. Typhi proteins in carriers identified via In vivo-induced antigen technology

S. Typhi
gene

S. Typhimurium
gene

Function/details

corC (STY0712) ybeX (STM0667) Magnesium and cobalt efflux protein; magnesium and cobalt transporter [34]

artB (STY1364) Upregulates chemokines, cytokines and adhesion molecules in human macrophage, colonic 
epithelial, and brain microvascular endothelial cell lines [34]

yncE (STY1479) Unknown, ATP and DNA-binding domains [70]

sirA (STY2155) uvrY (STM1947) Response regulator; post-transcriptional regulatory system regulate the expression of both the SPI-1 
and SPI-2 genes (Salmonella pathogenicity islands); transcription regulator; cytoplasmic protein 

[71]

STY2386 Putative lipoprotein [72]

pduG (STY2248) pduG (STM2043) Propanediol degradation; pdu operon co-regulated with cob operon appears to encode for cobalamin 
adenosyl transferase activity [73]

STY2386 STM2156A Putative lipoprotein [34]

yejE (STY2454) yejE (STM2218) Confers resistance to antimicrobial peptides and contributes to virulence; ABC-type dipeptide/
oligopeptide/nickel transport system permease component; upregulated in macrophages [74]

xapB (STY2657) xapB (STM2421) Xanthosine permease; proton nucleoside symporter that can transport 6-oxo-purine ribonucleosides, 
adenosine, cytidine, uridine, and thymidine; biosynthesis [75]

purH (STY3709) purH (STM4176) Purine biosynthesis [76]

repE (HCM1.137) On plasmid; replication initiation protein [77]

HCM1.213c Unknown, on plasmid [34]

HCM2.0043 Unknown, on plasmid [34]

HCM2.0069c Unknown, on plasmid [34]
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