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Abstract

Typhoid fever is an invasive disease associated with bloodstream infection causing a high
burden of disease in Africa and Asia, where it primarily affects individuals ranging from
infancy through to young adulthood. The causative organism, Salmonella enterica serovar
Typhi is transmitted via the faecal-oral route, crossing the intestinal epithelium and
disseminating to systemic and intracellular sites, causing an undifferentiated febrile illness.
Blood culture remains the practical reference standard for diagnosis of typhoid fever, where
this is available, but newer diagnostic modalities are an important priority under
investigation. There has been remarkable progress since 2017 in defining the twin global
burdens of typhoid disease and antimicrobial resistance; in understanding disease
pathogenesis and immunological protection through the use of controlled human infection;
and in advancing effective vaccination programmes through strategic multi-partner
collaboration and targeted clinical trials in multiple high-incidence priority settings. This
primer article thus offers a timely update of progress and perspective on future priorities for

the global scientific community.



[H1] Introduction

Typhoid fever is a serious invasive infection involving the blood-stream and deep reticulo-
endothelial tissues. The organism responsible for the clinical syndrome of typhoid fever,
Salmonella enterica (S. enterica) subspecies enterica serovar Typhi (S. Typhi), is found within
the Enterobacterales family. It is a rod-shaped, Gram-negative, facultative anaerobic
bacteria within the Salmonella genus, and is host-restricted to humans.*

The World Health Organisation (WHO) defines a confirmed case of typhoid fever as an
individual with laboratory confirmation by culture or molecular methods (such as detection
of S. Typhi DNA) of S. Typhi from a normally sterile site. A suspected case is defined as an
individual with fever for at least three out of seven consecutive days in an endemic area or
following travel from an endemic area, or being a household contact of a confirmed case.?
In endemic areas without access to appropriate diagnostics, clinical diagnosis is relied upon.
However, with numerous other infectious conditions presenting with a similar
undifferentiated fever this lacks both sensitivity and specificity.® Typhoid was the first
human disease in which healthy asymptomatic carriage was demonstrated, in 1904, to be a
source of disease transmission,* including in the famous case of Mary Mallon.”
Approximately 2-5% of cases of acute typhoid illnesses have historically been thought to
develop asymptomatic chronic carriage.® This is defined as apparently healthy individuals
with evidence of shedding of S. Typhi in stool at least 12 months after finishing an
appropriate course of antimicrobial treatment and the resolution of symptoms, following a
laboratory confirmed episode of acute disease, or alternatively, two positive stool samples
for S. Typhi 12 months apart.

S. Typhi is transmitted via the faecal-oral route crossing the intestinal epithelium and
disseminating to systemic sites. Blood culture remains the practical reference standard for
diagnosis of typhoid fever, where available. Timely administration of appropriate
antimicrobials are the mainstay of treatment for typhoid fever, but with escalating
antimicrobial resistance this is becoming challenging in some parts of the world.

With improvements in sanitation infrastructure, drinking water quality, and food safety
typhoid fever can be controlled. However, in some low-resource settings the comprehensive
changes required in such infrastructure may take decades or even generations, and the

burden of disease from infancy through to young adulthood, remains unacceptably high.



The term “enteric fever” also encompasses the clinical syndrome caused by Salmonella
enterica serovars Paratyphi A, B, or C (S. Paratyphi A, B, C). A full description of paratyphoid
fever is beyond the scope of this primer, but it will be mentioned in brief where there are
relevancies, similarities, or contrasts —in particular for S. Paratyphi A, which accounts for
around a quarter of enteric fever cases in South Asia, but is currently much rarer in Africa.’
Salmonella serovars other than S. Typhi and S. Paratyphi A, B, or C are known as non-
typhoidal Salmonella (NTS). Consideration of NTS disease is also beyond the scope of this

Primer.

In this Primer article we will discuss the epidemiology of typhoid fever, detailing the burden
and pattern of disease, modes of transmission, and risk factors for infection. We will explore
the literature on S. Typhi bacterial genomics as well as pathogenesis and the host response
to infection. With the rising problem of global antimicrobial resistance (AMR), we will
outline the current patterns of resistance throughout the world and the antimicrobial
treatment options available. Since typhoid has a variable and often non-specific clinical
presentation, improved diagnostics for clinical and epidemiological use are essential, and

we explore this.

[H1] Epidemiology

[H2] Reservoir, source, and mode of transmission

S. Typhi is a human-restricted pathogen with no non-human animal reservoirs.2 S. Typhi is
shed in human faeces from sites of infection in the gallbladder and small bowel. The major
source of new infections in high-incidence areas with poor sanitation infrastructure is
indirect transmission via water and also via food contaminated with the faeces® of an
infected person, who may shed the bacteria during acute infection, convalescence, or
chronic carriage. As typhoid fever incidence declines, the treatment of chronic carriers with
antimicrobials and sometimes cholecystectomy may become important. Direct transmission
associated with oral-anal sex has also been reported.'? In addition, S. Typhi may also survive
outside the human host for extended periods without evidence of multiplication,! in a

viable, non-culturable state, contributing to persistence and transmission over large



distances and longer time scales.'? Changes in expression of S. Typhi genes linked to central
metabolism, stress associated with arrested proton motive force, and respiratory chain
factors may provide insights into the mechanisms for survival of S. Typhi in agueous and
other environments.'? Improvements in the sensitivity of detection of S. Typhi in
environmental samples by nucleic acid amplification have led to progress with investigating
environmental contamination as a means to understand community-level risk of typhoid

fever.14

[H2] Measuring Disease burden

S. Typhi is a leading cause of community-onset bloodstream infection in studies from
countries in south and southeast Asia,’® and an important but often less prominent cause in
studies from countries in Africa.'®'’ The number and geographic representativeness of
enteric fever and typhoid fever incidence and outcome studies has improved greatly over

the past two decades,8%?

as have approaches to extrapolating incidence,?*2% and modelling
burden of disease.?’

Typhoid fever was estimated to cause 10.9 (95% uncertainty interval, Ul 9.3—12.6) million
ilinesses globally, and 116,800 (95% Ul 65,400—187,700) deaths globally in 2017%” The global
case fatality ratio is estimated at 0.95%, but may be higher among the very young and the
elderly. A global incidence model for this estimate (based on both population-based cohorts
and national surveillance data in medium and high-incidence regions, with additional use of
vital registration sources in low-burden regions) estimated a global incidence of enteric
fever of 197-8 (172-:0-226-2) per 100 000 person-years.’

Considering variation by super-regions, south Asia had the highest age-standardised
incidence rate of enteric fever (549 [481—-625] cases per 100 000 person-years) and the
largest number of illnesses (10-3 million [9:0-11-7]), accounting for 71-8% of global illnesses
in 2017. Southeast Asia, east Asia, and Oceania combined accounted for 14-1% of global
illnesses (2:02 million [1-82—2-23]) with an incidence ranging from 51.0 (east Asia) to 219.8
(southeast Asia) cases per 100,000 person-years. Sub-Saharan Africa accounted for 12:1% of
enteric fever cases (1-73 million [1-45—-2-06]), and had an incidence ranging by from 161 and
151 cases per 100,000 person-years in West and East Africa respectively, to 2.3 per 100,000

person-years in southern Africa.’



Since there is no syndromic ‘envelope’ of disability adjusted life years for febrile illnesses
such as typhoid fever, a ‘natural history’ approach is taken to estimate burden of disease.?®
For this, studies of typhoid incidence using active population-based surveillance or hybrid
surveillance are collated?>3° and extrapolated to areas without data, and the prevalence of
major complications such as intestinal perforation and the case fatality ratio3%3? are applied
to estimate disability and death due to typhoid fever.?” Overall, enteric fever was
responsible for 8.4M (4.7 - 13.6) disability-adjusted life years in 2017, comprising 8.3M (4.6 -
13.4) years of life lost and 105,000 years lived with disability).” The frequency and clinical

presentations of severe and complicated disease are discussed below.

[H2] Risk factors

[H3] Age

In high- and medium-incidence endemic settings, disease is seen from infancy onwards.
Although globally the overall peak age of disease is at 5-9 years, this average conceals
considerable heterogeneity between regions and countries.” The peaks and decline in
incidence of typhoid fever with age in endemic settings are considered to be related to the
local force of infection leading to immunity gradually and cumulatively acquired from
natural infection and repeated subclinical or asymptomatic exposure to the pathogen.3? This
means that acoss these age-bands there is considerable variation in age-distribution by
location. Incidence may be high or even peak among infants in very high incidence areas,
and may peak later, among older children or even young adults, in areas of medium
incidence. Incidence subsequently declines gradually with age through adulthood, and
incidence is typically low in all elderly populations.?’Re-infection, as opposed to relapse, has
been documented in the historical and more recent literature with levels of protection

conferred by an episode of clinical infection thought to be only moderate.3*

[H3] Environmental exposures. A recent systematic review and meta-analysis of case-
control studies evaluated associations between typhoid fever and water, sanitation, and
hygiene (WASH) and food exposures.3> The authors identified 19 manuscripts describing 22

case-control studies, with 20 (90.9%) having medium or high risk of bias. In the meta-



analysis, good hygiene and water treatment were most strongly associated with protection
from typhoid fever (OR = 0.52 and 0.59, respectively), whereas poor hygiene and untreated
water were most strongly associated with the risk of typhoid fever (OR = 2.2 and 2.4,
respectively). Of three sanitation factors, only unsafe waste management was significantly
associated with typhoid fever (OR = 1.6, 95% ClI = 1.3-2.0). Protective food practices were
significantly associated with lower odds of typhoid fever (OR = 0.74), and risky food
practices and consuming food or drink outside the home were associated with significantly
higher odds of typhoid fever (OR = 1.6—1.7). Dairy, ice cream, and fruits and juices were
significantly associated with typhoid fever (OR = 1.4-1.5).3° In a cluster randomized
controlled trial of typhoid conjugate vaccine (TCV), living in a household with better WASH
practices at baseline was independently associated with a significant reduction in the odds
of typhoid fever.3®

In contrast, in typhoid non-endemic countries, cases of typhoid fever are almost exclusively
related to recent travel, contact with a traveller from an endemic country, or with food

preparation by a chronic carrier.?’

[H3] Human genetic factors.

A genome-wide association study performed among individuals with and without blood
culture-confirmed enteric fever in Vietham showed a strong association with higher risk of
infection at rs7765379, a marker mapping to the HLA class Il region, in proximity to HLA-
DQB1 and HLA-DRB1.38 The finding was replicated in a large cohort in Nepal, and in a second
independent collection from Vietnam. HLA-DRB1 was implicated as a major contributor to

resistance against enteric fever, likely mediated by antigen presentation.

[H3] Seasonal and environmental factors

Improvements in WASH and food exposures, and increased use of TCV in typhoid-endemic
countries, are likely to strengthen typhoid fever prevention and control. An analysis of
seasonal patterns of typhoid and paratyphoid fevers observed a distinct seasonal pattern by
latitude, with seasonal variability more pronounced further from the equator.3° The
investigators found evidence of a positive association between preceding rainfall and

enteric fever among settings 35°—~11°N and a more consistent positive association between



higher temperature and enteric fever incidence across most regions of the world. The

underlying mechanisms that drive the seasonality of typhoid fever are poorly understood. It
is likely that the impacts of climate change that contribute to faecal contamination of water
and food, such as flooding, water shortages that increase dependence on unsafe water, and

deterioration in food safety may be anticipated to increase the risk for typhoid fever.4%-4?

[H2] Pathogenic variants
Distinct variants of S. Typhi and S. Paratyphi A have been recognised for over a century using

phage typing,* but this approach has now been replaced by pathogen genome
sequencing.* Global diversity studies have shown that both pathogens harbour multiple
distinct phylogenetic lineages, which are associated with specific geographic regions.*>4¢
There is no evidence that different S. Typhi or S. Paratyphi A variants are associated with
demographic factors such as age or sex,*”*® and they do not appear to be associated with
with differing disease presentations or severity, but rather the distribution of variants
appears to be primarily geographically determined. S. Typhi variants are defined and
identified using the GenoTyphi genotyping scheme, which was first developed in 2016 using
nearly 2,000 pathogen genome sequences from 65 countries.*® The scheme is regularly
updated to reflect newly identified variants or genotypes, as pathogen sequencing becomes
more widespread.*® The latest updates to the scheme (December 2022) were based on the
analysis of 13,000 genomes from 111 countries by the Global Typhoid Genomics
Consortium.>! These data provide a comprehensive view of the distribution of S. Typhi
variants across countries and regions, although some regions, especially Central and
Northern Africa, Western Asia and Latin America, still lack sequence data. The distribution
of variants is quite distinct by region (see Figure 2).°! For example, genotype 4.3.1
(previously known as H58) dominates the pathogen population in South Asia (where it is
thought to have emerged in the early 1990s)>? and Eastern Africa (where it is thought to
have been introduced multiple times in the last 10-20 years),%’ but is rare elsewhere. In
Western Africa, the dominant genotypes are 3.1.1 and 2.3.1,°3 whereas Central and South
America have distinct variants (2, 2.5, 3.5),*> and island nations have their own genotypes
(3.5in Samoa, 3.5; 4.2 in Fiji, 4.2; 2.1.7 in Papua New Guinea).>>*®>7 The reason for
geographic separation of variants is not fully understood, but it is proposed that it is driven

by human migration patterns since S. Typhi is a human-restricted pathogen.>® For example,



the transfer of 4.3.1 to Eastern Africa could be linked to frequent migration of South Asians
to Kenya and neighbouring countries in East Africa, whereas the distinct S. Typhi
populations in Western Africa could reflect the stability of communities within these

settings.

[H1] Mechanisms/Pathophysiology

While non-typhoidal Salmonella enterica (S. enterica) serovars cause foodborne gut luminal
inflammation and enterocolitis in healthy humans, S. Typhi once ingested can rapidly cross
the intestinal epithelium and disseminate to systemic sites, including the liver, spleen, bone
marrow, and gallbladder (Figure 3). S. Typhi is unusual among S. enterica serovars in that it
harbours an exopolysaccharide capsule known as Vi which is the target of modern conjugate
vaccines.> The Vi capsule is thought to be essential to S. Typhi pathogenesis; however, S.
Paratyphi A causes a clinically indistinguishable infection despite lacking a Vi capsule, and
these 2 human-adapted invasive serovars do not share any additional or unique virulence
factors. When compared to non-typhoidal serovars which have a broader host-range among
vertebrates, however, the genomes of serovars Typhi and Paratyphi A show evidence of
functional gene loss, which is characteristic of host-restricted adaptation. Approximately 4%
of S. Typhi and S. Paratyphi A genes carry these inactivating mutations, known as

pseudogenes, compared with <1% in other non-typhoidal S. enterica serovars.t0-63

[H2] Insights from in vivo and ex vivo disease models

[H3] Infection of intestinal epithelium and dissemination to tissues

Due to the human-restricted nature of S. Typhi and S. Paratyphi A, much of the foundational
understanding of typhoid pathogenesis has been from the study of infection of susceptible
mice with S. enterica serovar Typhimurium (S. Typhimurium), and a range of related in vivo
and ex vivo models which have yielded many mechanistic insights into the complex interplay
between pathogen adaptations, the microbiota and the host response.®? Following oral
ingestion by mice, generalist non-typhoidal serovars such as S. Typhimurium survive gastric
acidity and evade colonisation resistance through inducing inflammatory competition with

the resident microflora, thus altering the metabolic landscape in the lumen to optimise



access to luminal host-derived resources such as oxygen, nitrate, tetrathionate, and
lactate.®* Salmonella Typhi, in contrast, is a “stealth” pathogen that has several adaptation
to rapidly cross the gut epithelium, inducing minimal imflammation®>®. Invasive strains of
Salmonella possess the TviA regulatory locus, coding a protein with a complex counter-
balanced regulatory function, downregulating flagellin-associated inflammation and
regulating expression of the Vi capsule polysaccharide which mediates immune evasion.®’
The genes encoding the Vi capsule comprise the viaB locus within Salmonella pathogenicity
island (SPI)-7, which also encodes the type lll invasion-secretion system (T3SS) effector,
SopE and a type IVB pilus.®®

Salmonella cross the intestinal barrier by a multiplicity of routes. These include by direct
invasion of enterocytes, invasion by a transcellular route, by direct uptake by dendritic cells
across the epithelium, or by Salmonella invasion of specialised antigen-sampling epithelial
M-cells (microfold cells) which overlie the organised lymphoid tissue of Peyer's patches,
found particularly in the terminal ileum.®® Salmonellae are transported through M cells to
be presented to B-cells and dendritic cells that sit within the M-cell microfolds in Peyers
patches.”® Chronic infection of the lymphoid tissue in human intestinal Peyers patches is a
key element of pathogenesis, acting as a source of ongoing enteric shedding in the stool and
transmission, and may also lead to necrosis, and the serious disease complication of
intestinal perforation.

Once Salmonellae have gained access to the host circulation, they can disseminate by
several stealth mechanisms.”! During extracellular vascular dissemination, the Vi capsule
inhibits phagocytosis and confers serum resistance, likely by shielding the surface
lipopolysaccharide O-antigen from antibodies.”?> However, the ability to survive and
disseminate intracellularly is a key pathogenic strategy, and bacteria are also translocated
from the gut within CD18 expressing phagocytes. This cellular population encompasses the
reticulo-endothelial system (RES) an includes monocyte/macrophages, dendritic cells,
polymorphonuclear leukocytes, and phagocytes in the liver, spleen, and bone marrow.
Within minutes of contact with cells, invasive Salmonella are internalized in the Salmonella-
containing vacuole,®® a highly specialised modified phagosome that has the important
function of evading endosomal fusion with the phagocyte oxidase complex, thus

establishing a chronic, deep-seated intracellular reticuloendothelial infection.®®



It is this established infection that permits Salmonellae to finally enter and colonise the gall
bladder, an important niche from where they may be shed back into the gastrointestinal
tract in bile — the hallmark and mechanism of chronic carriage of typhoid in human disease,

enabling onward transmission of the pathogen to new hosts.

[H2] Controlled human infection model (CHIM)

To further our understanding of human typhoid pathogenesis and accelerate development
of candidate vaccines, a controlled human infection model (CHIM) for study of typhoid
infection, based on an earlier model from the University of Maryland in the 1950s, was
established at Oxford University in 2011.72 The model involves the deliberate infection of
healthy adult volunteers with an antibiotic-sensitive strain of S. Typhi, manufactured under
Good Manufacturing Practice (GMP), originally derived from the gallbladder of a woman
with chronic typhoid infection in Maryland in the 1950s.7374 After screening and informed
consent procedures, participants ingested 10,000 CFU of S. Typhi in a bicarbonate solution.
Approximately two thirds of individuals developed a fever for >12 hours and/or bacteraemia
over the next 2 weeks (median time to onset 8 days), thus meeting the study definition of
typhoid fever and triggering cessation of infection with oral antibiotics.”® A similar model
was established to study paratyphoid infection, though 1,000 CFU of S. Paratyphi A were
found to be sufficient for consistent infection (60%).7° In the paratyphoid model the
proportion of individuals with bacteraemia, and the cytokine responses of participants were
similar to those in the typhoid model but bacteraemia was more prolonged (median 53

hours), and blood-culture positive asymptomatic infection was more common (55%).7°

[H3] Inflammatory response

The typhoid model showed evidence of transient but asymptomatic bacteraemia in the first
24 hours after ingestion of the bacteria documented by detection of DNA in peripheral
blood,”® which may have represented the initial transit of bacteria from the gut mucosa to
the lymphoid tissues prior to the incubation period. Associated with the initial DNAaemia is

a systemic cytokine response, notably consisting of sCD40L, fractalkine (CX3CL1), GROaq,



ILARA, EGF, and VEGF occurred regardless of whether the individual later goes on to develop
overt evidence of typhoid disease. This may represent inflammatory perturbation at the gut
mucosa, perhaps implying that the infection is limited to the mucosa, but could also be
consistent with invasive infection even among those who do not go on to show evidence of
overt infection.”” Onset of clinical invasive disease was heralded by a gradual fall in
eosinophil count over the 5 days preceding onset of symptoms, followed by a fall in total
white cell count, lymphocytes, neutrophils and platelets following the onset of clinical
disease.”® It is not clear whether these changes represent successful deployment of an
appropriate immune and inflammatory response to the infection, or may be a failure of an
appropriate protective response.

After the onset of febrile symptoms the profile of transcriptomic responses were driven by
strong type /1l interferon signals that were associated with bacteraemia in the study.”’
There was evidence that this signalling interfered with tryptophan metabolism which may
be part of the host response to limit bacterial growth. It was also shown that hepcidin levels
increased and blood iron levels fell, as part of the acute innate response to infection,
limiting iron availability for extracellular bacteria in the blood but increasing iron availability
in macrophages supporting survival of internalised organisms, a key feature of the
pathogenesis of typhoid fever.”® Almost all individuals had positive blood cultures
associated with diagnosis of infection in the model, with a median of 1 CFU/ml of blood

detected.”?

[H3] Antibody response

Among those challenged with S. Typhi who progressed to develop clinical disease, I1gG, IgM
and IgA responses to H (flagellar) antigen and lipopolysaccharide (LPS) were detected in
peripheral blood, but there was no measurable anti-Vi antibody response in these naive
individuals.”® Using a 250-antigen array, responses in the CHIM were further probed and
identified that signatures containing flagellin, OmpA, HIyE, sipC, and LPS IgG IgM and IgA
antibody responses could distinguish typhoid from other febrile illnesses in an endemic
setting.” IgA to LPS antigen performed particularly well as a diagnostic marker in the model.
The CHIM was also used to assess whether gene expression profiles might identify
individuals with typhoid infection compared with controls, and a set of five gene profiles

was identified that could distinguish typhoid from other febrile ilinesses.®



[H3] Role of typhoid toxin.

Typhoid toxin may be an important virulence factor for S. Typhi, with studies suggesting that
it may induce some of the hallmark clinical features of the disease in murine models.882 |t
is, however, also found in other typhoidal and non-typhoidal Salmonellae including some
that do not cause the clinical syndrome of enteric fever.®8384 To assess its importance in
virulence, volunteers were challenged either with a toxin-negative or wild-type strain.®>
There was no difference in proportions developing typhoid illness in the two groups but,
unexpectedly, bacteraemia was more prolonged in the toxin-negative group. These
observations suggest that typhoid toxin does not have an important role in susceptibility to

typhoid infection.®

[H3] Infection-derived immunity

Immunity derived from infection with S. Typhi is likely to be an important factor in
considering the impact of vaccination on transmission of the pathogen. Whilst modelling
studies include this as an important variable there is little data on the level and duration of
protection afforded by clinical disease episodes.®%8” The CHIM was therefore used to
investigate this question of infection-derived immunity. Volunteers who underwent a
homologous rechallenge with S. Typhi or S. Paratyphi A, after prior CHIM infection (median
19 months previously, range 12-67 months), had a moderately reduced risk of developing
typhoid (36%) or paratyphoid (57%), but there was no protection conferred by previous
heterologous cross-challenge.3? In those who did develop enteric fever, there was no
difference between symptoms in naive individuals (those not previously challenged) and
those who had previously been challenged. Interestingly, baseline anti-LPS, anti-H and anti-
Vi antibody levels were similar between the naive and rechallenged groups, and there was

no obvious boost in antibody in those with prior exposure.33

[H3] Stool Shedding

Stool shedding was studied across six typhoid and paratyphoid CHIM studies with 4,934
stool samples to identify factors which might reduce stool shedding and potentially reduce
transmission in field settings.8 Prior infection in those who were rechallenged in the CHIM

was associated with reduced shedding (OR 0.30; 95% Cl, 0.1-0.8) as was prior vaccination



with a Vi-containing vaccine (OR 0.34, 95% Cl: 0.15-0.77 for Vi polysaccharide vaccine; and
OR 0.41, 95% Cl: 0.19-0.91 for TCV). There was also a non-significant reduction in shedding

in the stool associated with the live oral Ty21a vaccine.

[H3] Accelerating Vaccine testing with CHIM
Along with improving our understanding of disease pathogenesis, the CHIM also provides a
controlled method for testing novel vaccines at a lower cost and greater speed than large-

scale traditional field trials. The Oxford CHIM has performed two such trials (Box1)

MO01ZHO09 vaccine

The CHIM model was used to study the efficacy of a novel oral live attenuated (deletion of ssaV
and aroC genes) vaccine M01ZH09. The vaccine did not meet significance for protective efficacy;
however, it did induce strong antibody responses against LPS, which were shown to be
bactericidal. There was no association of antibodies with protection against infection, though they
did associate with lower severity of symptoms, delayed onset of infection and a lower level of
bacteraemia in vaccinees.® Similarly, vaccination of individuals prior to challenge with Vi-
containing vaccines induced bactericidal antibodies, but these did not associate with protection
from infection.®® Duration of bacteraemia with the antibiotic-susceptible challenge strain was

longer when treated with azithromycin compared with ciprofloxacin.®!

Typhoid Conjugate Vaccine

A multi-arm phase 2b study comparing a novel TCV and a WHO pre-qualified and licensed Vi-
polysaccharide (Vi-PS) vaccine against a control vaccine (that has no protective efficacy against S.
Typhi) showed a comparable efficacy to the existing Vi-PS vaccine.?? Extensive analysis of class,
subclass, avidity and functional serological responses showed that Vi IgA levels and avidity
associated with protection from S. Typhi challenge, and higher anti-Vi IgG responses were
associated with reduced symptoms. In addition antibody-dependent neutrophil phagocytosis also
associated with protection.®*%* Vaccination with TCV induced alpha-4beta-7 and CCR10a positive
IgA+ plasma cells indicating likely mucosal migration, which may be important since this is the site
of invasion if there is a future exposure to the organism. Moreover, in those who received TCV,

protection against infection was associated with the total plasma cell response.®>




[H2] Antimicrobial Resistance

Antimicrobial resistance (AMR) is common in both S. Typhi and S. Paratyphi A, and is
typically driven by local antibiotic prescribing.®®°” Multidrug resistant (MDR) S. Typhi is
defined as the combination of resistance to three previous first-line treatments;
chloramphenicol, ampicillin, and trimethoprim-sulfamethoxazole. MDR S. Typhi emerges
through the simultaneous acquisition of multiple resistance genes encoded on a single
transmissible plasmid, which can move between bacterial species and strains, and has been
a clinical problem since the 1980s.° By the 1990s, in parts of south and southeast Asia the
majority of S. Typhi infections were MDR,?® prompting a switch to fluoroquinolones and
azithromycin as the mainstays of treatment. However, fluoroquinolone resistance is now
highly prevalent in these regions, mostly due to mutations in the gyrA and parC genes.>*1%°
Extensively drug resistant (XDR) S. Typhi, defined as the combination of MDR plus resistance
to fluoroquinolones and third-generation cephalosporins, has now emerged. A large
outbreak of XDR S. Typhi was reported in Pakistan in 2016. The corresponding variant
(4.3.1.1.P1) has now spread throughout the country and now caused the majority of typhoid
cases reported there in 2018-2019.19%192 This XDR variant has been detected in other
countries, but is usually linked to recent travel to Pakistan%1%4 and at the time of writing
does not appear to have become established elsewhere. MDR S. Typhi prevalence has
declined below 10% in India and Nepal; however, as MDR plasmids still circulate amongst
other Salmonella in these settings, a return to the older drugs is not favoured as it may
prompt a return of MDR and subsequently XDR S. Typhi. Azithromycin resistance has been
reported, mainly in south Asia, but remains rare (<1%).>” In contrast, in sub-Saharan Africa,
MDR S. Typhi is common in most countries, and fluoroquinolone resistance is increasing in
countries where this drug class is used with a direct link to local fluoroquinolone prescribing
patterns in Africa having been described;'% azithromycin and XDR strains are, however,
extremely rare.#”>3%697 5 Paratyphi A infections are rarely MDR, but are almost universally
fluoroquinolone resistant.*46% Azithromycin resistance is reported in S. Paratyphi A in

south Asia but remains rare, as it is in S. Typhi.

[H1] Diagnosis, screening, and prevention

[H2] Diagnosis



One major obstacle to controlling typhoid fever is the absence of reliable and easily
deployable diagnostics. In most resource-constrained settings, it is diagnosed based on
clinical symptoms and treated empirically and at the most the non-specific Widal test is
used.'% Most patients with typhoid fever present with nonspecific clinical features, with
fever predominating, alongside symptoms such as malaise and headache.'®’ Therefore, it
can be challenging to differentiate typhoid fever from other febrile ilinesses that impact
typhoid endemic settings, such as malaria, dengue, or scrub typhus.® Multiple studies in
typhoid-endemic areas in Asia have demonstrated that relying on clinical features to
diagnose typhoid fever is unreliable with low specificity (< 15%) and positive predictive

values (< 10%).108:109

Efforts are in progress to create a benchmark specification for an improved diagnostic test
for typhoid fever. Ideally, this test would fulfill several key criteria: it would be inexpensive
(for instance, costing less than $1), highly accurate (with a high sensitivity and specificity),
quick (results available in less than 15 minutes), and user-friendly, requiring no data-
interpretation, minimal training or sample processing, and not dependent on a stable water
or power supply. Meeting these standards would significantly improve the clinical diagnosis
and management of typhoid fever, thereby reducing its morbidity and mortality. It would
also make a substantial contribution to combating antimicrobial resistance. The available
tests for typhoid do not currently meet these specifications, but there are promising assays

in development.

[H3] Culture diagnosis

Culture diagnosis from a normally sterile site (blood or bone marrow) is considered the
reference standard for typhoid fever. However, it takes several days to get a result and
requires substantial laboratory capacity not widely available in resource-constrained areas.
The sensitivity of culture depends on the specimen type, prior antimicrobial use, timing of
collection, and sample volume due to differences in bacterial burden at systemic sites.'*°
The organism burden in bone marrow is orders of magnitude higher than in the peripheral

blood (median of 10 vs. 0.5 colony forming units/mL, respectively),'!! and bacterial load in

the blood peaks during the first week of infection.''° Bone marrow culture has the highest



sensitivity (>90%)*'2 and bacterial load remains high in bone marrow for several weeks, but
this method has limited clinical utility due to its invasiveness. Blood culture has a sensitivity
of only 50-70%,19113 and stool culture has a sensitivity of 30-40%.* In addition to having
low sensitivity, a positive stool culture may indicate either acute disease, convalescent
disease, or chronic carriage, and is therefore not considered diagnostic of current invasive

disease.

[H3] Molecular testing

Molecular diagnostics have offered great promise to improve sensitivity and decrease time-
to-result. Multiple nucleic acid detection methods have been developed including nested
and multiplex conventional and real-time PCR and loop-mediated isothermal amplication;
however, they suffer from many of the same limitations of blood culture.''> Current PCR-
based methods require laboratory capacity, and the stochasticity of genomes in small blood
samples can lead to false negatives.”®'® Due to the low magnitude of bacteremia common

in typhoid fever, a pre-culture may be required to improve sensitivity.

[H3] Novel serodiagnostics

Commercially available serum-based diagnostics, including the Widal agglutination test and
newer generation rapid diagnostic tests (RDTs), are widely available and detect antibodies
against S. Typhi in serum or plasma. Although simple and fast, they have moderate
sensitivity and specificity due to pre-existing antibodies from prior exposure and cross-
reactivity. In a recent Cochrane Review of 37 typhoid RDTs, the best-performing assay,
Tubex, had a sensitivity of 78% and specificity of 87%;% and a prospective and hybrid
retrospective study of 9 commercially available RDTs, showed the best-performing test was
Enterocheck with 73.8% sensitivity and 94.5% specificity.!!’ These results underscore the
need for improved tests that accurately detect the S. Typhi organism itself.

Advances in antigen discovery have, however, revealed several novel antigen targets to
improve serodiagnostic assays.’”®118119 Several of these antigens were further validated in
populations from Bangladesh and Nepal*?° and led to the development of a promising RDT,
the DPP° Typhoid Assay. This assay is based on detecting S. Typhi LPS and Hemolysin E-

specific IgA, and early studies demonstrate sensitivity and specificity of >90%.1%° Other novel



typhoid diagnostic approaches currently being explored are host gene or metabolite

signatures to discriminate typhoid from other febrile illnesses.8%121

[H2] Surveillance

Due to the lack of an optimal diagnostic test for typhoid fever, data on its burden are limited
except from large burden studies performed recently.?'?” Wastewater and sero-surveillance
are powerful and low-cost tools that have been used to monitor community pathogen
burden for several infections and are currently being evaluated for measuring S. Typhi
exposure and transmission within populations. In addition, these approaches provide
burden estimates that are not biased by care-seeking behaviours and measure both
symptomatic and asymptomatic infections. Antibody levels to HIyE have been demonstrated
to be an accurate serologic marker of recent typhoid infection.29122 A recent multisite study
used population-based serologic data to this antigen coupled with a new statistical
modelling approach to estimate enteric fever incidence.'?> These estimates correlated well
with blood culture-based disease incidence but were generally more than 100-fold higher
than the unadjusted blood-culture confirmed disease rates. An existing challenge for
serosurveillance studies for typhoid fever is that the antigens presently used cannot
differentiate S. Typhi from S. Paratyphi A. Vi can discriminate these Salmonella serovars,
however its effectiveness is limited by low seroconversion rates following S. Typhi infection
and the prevalence of Vi antibody within endemic communities. The introduction of Vi-
based TCV will further complicate its use in seroepidemiology, as Vi antibodies cannot
distinguish infection from vaccine-induced immunity.*?%12>  Environmental surveillance,
which uses culture or PCR-based methods to detect S. Typhi shed by infected individuals in
sewage or present in water sources, does not have this limitation. However, the experience
of environmental surveillance for S. Typhi has been mixed.* The organism burden of S.
Typhi is much lower than for viral infections (e.g., SARS CoV-2), which is reflected in a less
frequent detection of S. Typhi in wastewater samples.'* Ongoing studies are being
conducted to ascertain if there is a correlation between environmental detection of S. Typhi
and clinical incidence. If confirmed, we will potentially have two cost-effective and scalable
methods that could complement blood culture-based clinical surveillance and expand

typhoid surveillance to areas without access to blood culture. A potential limitation to



consider for environmental surveillance, however, is that representative samples may be

difficult to obtain in at-risk communities that lack sewage systems.

[H2] Clinical Syndromes

Typhoid fever is an outpatient disease in most areas of endemicity and generally presents as
undifferentiated febrile illness.3 Symptoms of typhoid fever manifest 10-14 days following
infection, with generalized fever and malaise, abdominal pain with or without other
symptoms including headache, myalgias, nausea, anorexia, constipation and less commonly,
diarrhoea (Figure 4).197124 The fever is classically described as ‘step-wise’, manifesting in the
first week of illness.??® On clinical examination, hepatosplenomegaly is common (29-50%)
but not present in all cases, while diffuse abdominal tenderness and a coated tongue (a
superficial white coating on the surface) is common (56-85%).12* Additionally, rose-spots(a
blanching erythematous rash containing culturable S. Typhi) are reported in the historical
literature. The antibiotic era has changed some of the clinical features historically seen in
typhoid fever, with significantly reduced prevalence of hepatosplenomegaly and rose

spots>126,

[H3] Gastrointestinal complications

Severe complications, such as shock, jaundice, intestinal perforation (IP), intestinal
haemorrhage and encephalopathy, can occur if antimicrobial treatment is delayed or
inadequate.?! IP is commonly reported as a sequalae of severe typhoid infection, with the
primary site of perforation occurring in the terminal ileum, resulting from necrosis of
infected Peyer’s patches.’?”128 Increasing prevalence of IP have been documented in
outbreak scenarios and in countries with increasing antimicrobial resistance.'?° Recognising
this, the WHO have included guidance on the surveillance of IPs, recommending all
instances be recorded in countries with endemic typhoid.? A recent systematic review for IP
in Africa found the case fatality ratio (CFR) to be between 4.6% to 75% in included studies,
the majority of studies however (79%) reported a fatality rate between 10% and 30%.1%8
Treatment is surgical, and another review estimated the mean duration of hospitalisation

secondary to IP to be 18.4 days.'3°



[H3] Neurological manifestations

Although rare, numerous neurological manifestations of enteric fever have been reported in
the literature, including typhoid meningitis and encephalopathy.!3! A large outbreak of
blood-culture confirmed typhoid fever was reported from the Malawi-Mozambique border
in 2009 with an unusually high burden of neurological complications (13%) and high
mortality rate (4%). Dysarthria, ataxia, upper motor neuron signs and altered mental status
were identified in over 40 individuals.!32 Whilst it is rare to culture S. Typhi directly from the
cerebrospinal fluid (CSF), it is thought the cortical irritation leading to clinical symptoms is

mediated by the typhoid toxin.*33134

[H3] Other complications

Systematic reviews have highlighted other complications that occur in different age-groups
of patients with typhoid fever. Hepatitis (36%), anaemia (71%) and leukocytosis (41%) are
more common in children under 5 years of age, while altered mental status (30%), upper
respiratory tract infection signs (22%) and abdominal pain or tenderness (70%) are more
common in school-aged children.19”.13% Young children are more likely to present with
diarrhoea than older children and adults, while constipation and intestinal perforations are
more often seen in older age groups.1%”3% |n addition, respiratory symptoms (cough or
bronchopneumonia) or neurologic complications (e.g., encephalopathy, febrile seizures) are
more commonly seen in children than adults. Within these reviews there is also
geographical heterogeneity reported for common complications from typhoid fever, with
anaemia more prevalent in South Asia and abdominal distension, ileus and perforation more
prevalent in sub-Saharan Africa.311%7

The estimated pooled prevalence of all complications (defined as any unfavourable
evolution of the disease) in hospitalised patients was 27% (95% Cl, 21% - 32%)*3> with a
mean overall case fatality of 4.45% (95% Cl 2.85% to 6.88%).13® The manifestation and
severity of typhoid fever can differ depending on the patient's age and geographical region.
Children bear the highest disease burden, with higher CFR and complications seen in Africa
(mortality 5.4%) than in Asia (mortality 0.9%).2%3! In Africa the mortality from IP was
estimated to be 19.7% compared with only 4.6% in Asia.?! This observation on differential

mortality rates between Africa and Asia is likely to be multi-factorial. Delays in accessing



healthcare, receiving an accurate diagnosis and administering appropriate treatment due to

poorer healthcare infrastructure will almost certainly be contributory.3!

[H2] Chronic Carriage

Historical data provide estimates that 2-5% of acutely infected individuals develop typhoid
chronic carriage, although this was in the era prior to fluoroquinolone antimicrobials, and
more recent estimates may be less.137/138

To establish long-term carriage, organisms must enter the biliary tract either directly by
ascending through a malfunctioning sphincter of Oddi, or via the liver during systemic
infection.'3° Epidemiological investigations through case-control studies, and ultrasound
imaging in both mice and human participants, have shown the association between the
carrier state and the development of bacterial biofilm on gallstones within the gallbladder
by S. Typhi bacteria.'%142 This is supported by data from diverse global contexts showing
prevalence of chronic carriers increase with age, and are predominantly female, risk factors
which mirror the development of gallbladder pathology.37/137.14

The importance of carriage in low incidence, non-endemic settings has been shown through
multiple outbreaks which have been traced to a chronic carrier often responsible for food
preparation.** However, the contribution of carriers to ongoing transmission within
endemic sites and the diagnosis of these individuals remains unclear. Shedding of the
pathogen within stool is intermittent, and at a low level, meaning detection through serial
stool culture is both programmatically difficult and has a low sensitivity.14

Isolating the organism directly from the gallbladder is the gold standard for diagnosing
carriage. This may be useful in individuals undergoing cholecystectomy but is highly
impractical at a public health level due to the invasive nature of the procedure. The
duodenal string test, where a capsule is passed into the stomach, allowing a nylon string to
pass through the pylorus and into the duodenum allowing the collection and subsequent
culture of duodenal and bile fluid, has been used historically for both the diagnosis of acute
and chronic typhoid.?*>%46 However, once again, this is impractical at a public health level
due to the invasiveness and inconvenience of the test.3’

The use of serological screening for chronic carriage, using anti-Vi antibody, has been

successful in non-endemic sites'*3'4” but in areas of medium to high incidence, where



regular infection or exposure to the pathogen increases the Vi titre, this has had mixed
results.}*150 More recent work has been done to identify novel serological markers of acute
typhoid and carriage, along with transcriptomic and a metabolomic profile, which could

improve the prospective diagnosis of this population.°1-1°3

[H2] Prevention

[H3] Vaccine Development

Typhoid vaccines have been in use since the late 19t" century with heat-killed whole cell
vaccines developed.'>* Unfortunately, the systemic and local side effects from these earliest
vaccines rendered them unusable in young children, resulting in significant school
absenteeism.'> Two further vaccines were developed in the second half of the 20th
century. The oral live-attenuated Ty21a vaccine has a pooled efficacy of 50% after 3 years of
follow-up in meta-analysis.*® multiple doses are required, and the capsule formation makes
it difficult to administer to children 6 years of age and younger. The Vi-polysaccharide (Vi-
PS) is a parenteral vaccine containing the purified capsular Vi-polysaccharide antigen.
Combining results from individually and cluster randomised trials, efficacy at 2 years for Vi-
PS was 59%.%°7 Vi-PS is not licensed in children <2 years of age due to poor immunogenicity.
Since the vaccine contains a T-cell-independent antigen, it also does not induce strong
cellular immunological memory, and cannot be boosted with repeated vaccination.
Although these vaccines have been widely used for travellers, these limitations mean that
they have not been widely adopted outside of outbreak control in low-income settings

despite a WHO recommendation in 2008 for their use to improve typhoid control.%>

[H3] Typhoid Conjugate Vaccines

More recently, a new generation of typhoid conjugate vaccines have become available, in
which the polysaccharide Vi capsule is chemically conjugated to a protein carrier, therefore
producing a T-cell-dependent response with a greater and longer-lasting immunogenicity,
including among younger children and infants from 6 months of age. Such conjugate
vaccines have demonstrated high levels of protection for other pathogens, including

Haemophilus influenzae type b (Hib), pneumococcus and meningococcus.'>® In 2018 the



WHO therefore published a fresh recommendation for use of new-generation TCV in
countries with either a high burden of disease, or high prevalence of antimicrobial
resistance, or both.'> Notably, this was the first vaccine with a WHO recommendation
explicitly based on the potential to prevent the spread of antimicrobial resistance. The
recommendation is for a single dose of TCV for children from 6 months of age, introduced
into country routine immunization schedules alongside mass catch-up campaigns from the

first or second year of life through to 15 years of age.'*®
[H3] Randomised Clinical Trials

Licensure of the first TCV was based on an immunogenicity and safety trial from India,®°
with the first vaccine efficacy data coming in adults in a non-endemic setting, as part of the
Oxford CHIM for typhoid. With a composite endpoint of prolonged fever followed by blood-
culture confirmation of S. Typhi, reflecting clinical settings, this trial showed an efficacy of
87.1% for TCV, compared with 52.3% for the comparator, Vi-PS.9%161

Since this point, data from several phase 2 and 3 clinical trials in diverse high-burden
endemic settings confirm excellent safety, immunogenicity (including safe co-administration
with other routine immunisations) and efficacy for TCV among children (Table 2).16213 |n
Malawi, in an individually randomised controlled trial (RCT)*** in children 9 months through
12 years of age, TCV was found to be 81% effective in intention to treat analysis, and 84%
effective in per protocol after 18 to 24 months of follow-up.®> Longer-term efficacy data
after more than 4 years of follow-up have shown an overall intention-to-treat efficacy of
78% from the same cohort, suggesting durable protection (Lancet pre-print
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4411421). These data showed
significant protection from vaccination for children under 2 years of age, important for a
vaccine that will also be used in routine immunisation in the first 2 years of life. In a similar
trial from Nepal,®® in children 9 months through 16 years of age, a similar efficacy of 79%
was seen after 2 years of follow-up.®” Typhoid vaccines might have the potential to prevent
not only disease, but also transmission, and cluster randomised trials are designed to
evaluate both individual protection of vaccinated individuals, and also indirect “herd”
protection (in non-vaccinated individuals living in the same area). In a cluster randomised
trial from Bangladesh®® in children 9 months through 16 years, individual protection from

TCV was 85%, with overall protection (protection of all residents within vaccine clusters) of



57%, and indirect “herd” protection (of non-vaccinated participants within vaccine clusters)
of 19%, which did not reach statistical significance.'®® To evaluate the possibility that the
lack of significance could have been caused by migration of cases between clusters, a
further analysis of this trial was conducted using the ‘fried egg’ approach, in which the
whole cluster receives the allocated treatment but only the inner area of the cluster (the
“egg yolk”) is used for analysis, as this inner area should be less affected by spillover from
neighbouring clusters with different vaccine allocation. This re-analysis, again, did not
suggest any significant additional indirect protection among non-vaccinated individuals, and
the authors concluded that in the absence of indirect protection, vaccination campaigns
across a wider age-range, to include adults, might be required in some epidemiological
settings to achieve typhoid control.'’? Nevertheless, the individual protection afforded by
TCVs between these 3 large vaccine efficacy trials, in comparable age-groups, and across
three very epidemiologically diverse sites is strikingly consistent.

Alongside these clinical trials, data have been published from post-vaccine introduction

172 and Zimbabwe.'”3 Data from

evaluations, from countries such as India,'’! Pakistan
Pakistan provide confidence that TCV is highly effective against the XDR strain of S. Typhi,
providing evidence that as well as reducing the burden of typhoid fever, it will have a
positive impact on decreasing antimicrobial resistance.’

While the safety, immunogenicity and efficacy of TCVs has been demonstrated in diverse
populations, TCVs alone are unlikely to eliminate typhoid fever, as evidenced by the
incidence rates in the vaccine groups of the trial populations. Thus, their use should be
viewed as an important adjunct to improvements in WASH, as the latter has successfully

eliminated typhoid fever in many countries around the world.17>177

[H1] Management

Antimicrobials transform this prolonged febrile illness, that can have a mortality between 10
and 30%, to an illness where symptoms resolve within a week with a case fatality ratio
<1%.1%% The emergence of resistance to all the commonly used antimicrobials for treating
enteric fever challenges this picture.'’”® AMR is associated with treatment failure, an

increased risk of complications, and increased potential for transmission due to prolonged



fecal carriage.1?617%18 Treatment choices should take account of local antimicrobial

resistance patterns, if known, and national guidelines where available.8!

[H2] Antimicrobial therapy

Most patients with enteric fever are treated with an oral antimicrobial as part of outpatient
management in the first week of illness and then recover within a week. The WHO Essential
Medicines Expert Committee concluded that a seven-to-ten-day course of either
ciprofloxacin, ceftriaxone or azithromycin should be considered first-choice treatments on
the core list of the Essential Medicines List for adults (EML) and EML for children.®
Ciprofloxacin is not a suitable choice in much of south Asia, and some areas of sub-Saharan
Africa, because of widespread resistance (indicated by resistance to nalidixic acid, pefloxacin
or ciprofloxacin).t?6178 Azithromycin is an effective alternative drug although there are
sporadic reports of resistance.'818 For children, patients admitted to hospital, and when
resistance to other drugs is uncertain, parenteral ceftriaxone has been a safe option.
Although oral chloramphenicol, amoxicillin and trimethoprim-sulphamethoxazole were
commonly used prior to the 1990s, MDR, with plasmid mediated resistance to all these

three options, appeared in the late 1980s and became widespread.®’

Systematic reviews of the comparative efficacy of chloramphenicol, the fluoroquinolones
(such as ciprofloxacin, ofloxacin, and gatifloxacin), azithromycin, and cephalosporins (such
as ceftriaxone and cefixime) in typhoid fever treatment have been unable to draw firm
conclusions on the presence or absence of important differences between the different
antimicrobials.’®18” Much of the randomised controlled trial evidence is of low certainty
because individual randomised controlled trials have been small, with methodological
problems such as not double-blinded, and conducted >20 years ago. The lack of diagnostic
sensitivity of blood culture, the paucity of trials in the outpatient setting, the changing
pattern of resistance over time, and the lack of agreed core outcome indicators are further

limitations.

[H2] Antimicrobial resistant strains
Confidence in ceftriaxone has been impacted by an outbreak of XDR S. Typhi in Pakistan

since 2016.1%8 These strains are resistant to chloramphenicol, ampicillin/amoxicillin



trimethoprim-sulphamethoxazole, ciprofloxacin and ceftriaxone/cefixime but susceptible to
oral azithromycin and parenteral meropenem.'%! The cephalosporin resistance is mediated
by carriage of a plasmid mediated blacrx-m-15 extended spectrum beta-lactamase (ESBL)
gene.'® These infections have also been seen in other countries in travellers from

Pakistan1®3

and sporadic reports of ceftriaxone resistance have been seen in other
locations.2®®1°1 Clinicians treating patients with XDR S. Typhi have found no important
differences in the clinical response between oral azithromycin alone, intravenous
meropenem alone and a combination of azithromycin and meropenem.!°? Notably, the daily

cost of meropenem in Pakistan was 15 times more than azithromycin.

[H2] Combination therapy

Studies of the number and location of bacteria in typhoid fever have confirmed both an
intracellular and extracellular location of the bacteria with high numbers in sites of the
reticuloendothelial system such as the bone marrow.'%1%3 Antimicrobials used to treat
typhoid fever should target all these locations. Combining azithromycin, which reaches very

194 \with a beta-lactam

high intracellular concentrations but low extracellular concentrations
antimicrobial predominantly active in the extracellular compartment has been suggested as
a better option for the treatment of typhoid fever. In an RCT of 105 adults with confirmed
typhoid fever in Nepal, a combination of azithromycin and cefixime for outpatients and
azithromycin and ceftriaxone for inpatients was superior to azithromycin alone with shorter
fever clearance times.'®> An ongoing clinical trial is examining the efficacy of an

azithromycin and cefixime combination in suspected cases of enteric fever in south Asia.*®®

[H2] Severe infections

In severe typhoid fever, supportive care is critical to the outcome. This may include full
intensive care support, blood transfusion in the event of gastrointestinal haemorrhage and
surgery if there is an intestinal perforation and peritonitis.'®’ Following perforation, there
may be secondary blood stream infection with a range of pathogens from the gut lumen,
requiring repeat of blood culture and broadening of antimicrobial cover. One RCT in
Indonesia suggested high-dose methyl-prednisolone reduced mortality in severe typhoid

characterised by altered consciousness and haemodynamic shock.*®® Methodological issues



make it difficult to draw definitive conclusions from this study and further trials on this

question are needed.'®

[H2] Chronic carriers

Chronic faecal carriers can shed large numbers of bacteria in the faeces and be a source of
infection to others in the community.?%° A systematic review of studies of the antimicrobial
treatment of chronic carriage identified eight studies but only one RCT.2°! Fluoroquinolones
are effective in eradicating chronic carriage of susceptible isolates after a 28-day course. The
only double-blinded RCT performed showed an eradication rate of 92% in those given a 28-
day course of norfloxacin compared to 11% in those given placebo. Six studies evaluated
ampicillin or amoxicillin in a four-to-six-week course with cure rates around 70%.
Cholecystectomy may be an option where eradication has failed, particularly in the
presence of structural biliary abnormalities including gallstones which may provide a
protected niche for bacteria, but should be balanced with the risk of surgical
complications.?® All these studies pre-dated the emergence of widespread MDR and FQ
resistance, and further clinical trials in this area, for example using azithromycin, would help

guide modern management.

[H1] Quality of life
[H2] Cost of lliness

Despite the potential acute effects and sequelae from typhoid fever, the disease’s toll on
quality of life is not well documented. However, a number of studies have assessed the
economic burden of typhoid in terms of costs to healthcare providers and to affected
households in low- and middle-income countries.?0%2% A review of economic evidence
highlights the cost of hospitalisation as the most common expense reported in the
literature. Costs per hospitalised case range from $159 to $636 in India, $233 in Nepal, and
$171 in Tanzania (2016 USS).297-210 Costs for treating outpatients ranged from $0 to $14.1
(2010 USS). 21

The cost of intestinal perforations, a complication that may result from untreated typhoid or

delayed access to care, has been specifically studied in a few countries. The additional



surgical costs required to repair an intestinal perforation, on average, are as high as $452 in
Nigeria and $1,210 in India (2019 USS). Those high costs are accompanied by longer hospital
stays, 23 days on average in Nigeria and 19 days in India, which also increase a family’s

expenses.?12213

The potential for higher cost of illness associated with MDR and XDR S. Typhi infection,
requiring more expensive and less available treatments, is not well documented. Data from
the XDR outbreak in Pakistan between 2016 and 2018, however, suggest that the cost of an
episode of typhoid from XDR S. Typhi is 2 to 4 times higher than the cost of non-XDR S.

Typhi infection.?4

Due to the difficulty in diagnosing typhoid, health care seeking can be a long and costly
endeavour for patients and their caregivers. Households often face indirect expenditures
such as transportation, loss of household income, and food and subsistence costs related to
seeking and receiving care, alongside direct out-of-pocket costs including diagnosis and
treatments. Typhoid predominantly impacts children younger than 15 years old, which
means a case of typhoid often results in parental absenteeism from work, and a loss of
income for caregivers, which can cause financial consequences for families. These expenses
may reduce expenditures on other household spendings, which can affect investments in
nutrition, education, and other household needs, and trigger dis-saving measures, resulting

in long-term adverse socioeconomic impact.

Typhoid can represent a catastrophic cost to affected families, defined as expenses and loss
of revenue due to seeking care or caring for sick children and family members that
represents more than 40% of non-food monthly household expenditure. A recent study in
Malawi reported that, despite free access to all government medical care and minimal out-
of-pocket direct healthcare costs, 44% of households faced catastrophic illness costs mainly
related to indirect costs, and 16% of households experienced illness costs that were more
than their total monthly income.?'®> The median cost per case for enteric fever patients
reporting inpatient care costs was also determined as catastrophic for families in studies in

Bangladesh, Nepal, and Pakistan.?07-210 As well as revealing the sadder human and societal



costs of typhoid, cost of illness estimates are essential for evaluation of vaccine cost

effectiveness, to inform policy decisions (Box 1).

7. Outlook

Considerable progress has been made over the past decade in the development and
licensure of TCVs supported by robust evidence on safety and immunogenicity, innovative
data on efficacy from the typhoid human challenge model, and field efficacy data from large
clinical trials conducted in diverse populations at risk.?1® The gather of a compelling body of
data prompted and has reaffirmed WHO recommendations on use of single dose TCVs in
endemic settings.?!”?18 TCV is well-tolerated and may be co-administered with other
childhood vaccines, facilitating its integration into the WHOs Expanded Programme on
Immunisation (EPI) at 9-18 months of age. For low resource countries, Gavi (the vaccine
alliance) will co-finance introduction of TCV into EPI, and fully finance single dose catch-up
campaigns for all children to 15 years of age.?!® Country introductions have begun in both
Africa and Asia, however, most at-risk children globally remain without protection. To this
end, a coordinated multidisciplinary approach that includes advocacy and communications;
country support for decision-making, preparation of Gavi applications and planning of
vaccine delivery; and an adequate stable manufactured supply of prequalified vaccine is

essential to ensure that more children are protected from this disease sooner.

Several recent studies have assessed the cost-effectiveness of TCV introduction in typhoid-
endemic countries. In endemic areas, incorporating TCV into the routine immunisation
schedule at 9 months of age with an initial catch-up campaign to 15 years of age has
generally been found to be cost-effective from the healthcare provider perspective at
willingness-to-pay thresholds comparable to other recently introduced vaccines in high-
incidence settings.?11229221 When factoring in the indirect costs to patients, TCVs may even
be cost-saving from the societal perspective, as has been found for urban areas in
India.??%223 However, TCV introduction is unlikely to be cost-effective in settings where the

incidence of typhoid fever is low, at <50 cases per 100,000 person-years.21%220.222



Two TCV products are prequalified by WHO and are considered equally effective. Several
more are approved nationally or are under development. However, as with pneumococcal
conjugate vaccines, robust data on relative effectiveness of different products is important
to provide confidence to policymakers on use of different vaccines, highlighting the
importance of ongoing impact studies in settings where TCV has been introduced. These

studies will inform the long-term TCV strategy.

Perhaps the most important outstanding scientific question about the global TCV
programme is the duration of protection. While the TCV efficacy trials have shown robust
and durable protection against disease, of around 80%, for more than 4 years after
vaccination in clinical trials covering pre-school and school-age children (Lancet pre-print
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4411421), longer term protection
studies are needed for those younger children immunised with a single dose of vaccine at 9-
18 months in the EPI schedule. Ongoing longer-term post-introduction effectiveness and
impact studies may strengthen evidence in this domain. Given the high rates of disease
reported among school-age children, the need for a booster prior to school entry, among
those vaccinated in early-life routine immunisation programmes, must be assessed in Africa

and Asia in countries where the vaccine is being rolled out.

It remains unknown who in the population is primarily responsible for transmission. The lack
of evidence of significant indirect protection in a cluster-randomised trial in Bangladesh in
which children under the age of 16 were vaccinated implies that either the vaccine prevents
clinical iliness but does not prevent transmission, or that adults also contribute substantially
to transmission.1#>1>0 Alternatively, the complexities and biases in a cluster randomised
design in an urban setting may make it impossible to detect herd effects that are present.
Such information could help inform whether extending vaccination to older age groups may
provide additional population-level benefits. It also remains possible that targeted
vaccination of those adults responsible for transmission could improve typhoid control in
high burden settings. Ongoing observational studies in countries implementing TCVs may

provide further evidence to address this question in the next 5 years.

Improved diagnostics are needed both for clinical management of disease, and to define

burden and inform decision-making on TCV introduction. Innovation and flexibility is needed



to ensure that the most disadvantaged children, who may not have access to blood culture
facilities, do have access to TCV. Further, without diagnostics, the impact of TCV may be less
apparent in South Asia, for example, where rates of paratyphoid infection can be substantial
and symptoms are indistinguishable from typhoid. Work on paratyphoid vaccines, combined
with TCV, could broaden protection if shown to be effective and reduce the overall enteric
fever burden further. With ongoing early safety and immunogenicity studies of bivalent
typhoid/paratyphoid vaccines already underway, a combined vaccine could be available
within the next 5 years. Combination of TCVs with vaccines targeting other bacterial enteric
pathogens could broaden the impact of vaccine programmes, and there are now early phase
studies with multivalent vaccines combining TCV with emerging vaccines against iNTS

disease.

Despite the huge progress in protecting children against typhoid with TCVs, the ongoing
transmission of these Salmonella and other bacterial pathogens in affected populations can
only be fully controlled with improvements in water, sanitation, and hygiene (WASH) and
food safety. Improving and maintaining WASH requires considerable financing, structural
change, and political commitment, and some of the least-developed countries have
experienced entrenched poor sanitation for decades. The impacts of climate change may
not only alter the environmental and household patterns of transmission of typhoid, but will

also likely further heighten the challenge of delivering sustained improvements in WASH.

The global rise of antimicrobial resistance further adds relevance and urgency to the role of
vaccines, and the sparsity of new antimicrobial products in development also underscores
the need for all available means of control to be mobilised. The remarkable recent efforts in
typhoid immunisation programmes will help protect at-risk children in the face of these

global challenges.



Table 1: Case Definitions for typhoid fever disease states, adapted from World Health
Organisation Typhoid Vaccine Preventable Disease Surveillance Standards, 2018.
https://www.who.int/publications/m/item/vaccine-preventable-diseases-surveillance-
standards-typhoid

Confirmed
Case Acute
Typhoid Fever

Laboratory confirmation by culture or molecular methods of S. Typhi or
detection of S. Typhi DNA from a normally sterile site

Relapse of
Typhoid Fever

Laboratory confirmation of S. Typhi from a normally sterile site within one
month of completing an appropriate course of antimicrobial treatment and
resolution of symptoms.

Chronic
Typhoid Carrier

Evidence of shedding of S. Typhi (positive stool culture or PCR) at least 12
months after finishing an appropriate course of antimicrobial treatment and the
resolution of symptoms following a laboratory-confirmed episode of acute
disease

OR

Two stool samples 12 months apart positive for S. Typhi.

Convalescent

Evidence of shedding S. Typhi (positive stool culture or PCR) 1-12 months after

Carrier finishing an appropriate course of antimicrobial treatment and the resolution of
symptoms following a laboratory-confirmed episode of acute disease

Suspected Fever for at least three out of seven consecutive days in an endemic area or

Case of following travel from an endemic area

Typhoid OR

Fever for at least three out of seven consecutive days within 28 days of
being in household contact with a confirmed case of typhoid or fever




Table 2: Summary table summarising findings from published efficacy and

effectiveness estimates for TCV.

. Control . Duration of Number . o
Country Design vaccine Age Study period follow-up enrolled Efficacy (95% Cl)
Tbrzz?)lz%- 18-24 months 80.7% (64.2% to 89.6%)1%°
Malawi | Individually- 9months- | P
) : MCV-A 28,130
efficacy randomized 12 years Feb 2018-
0, 0, 0,
Sept 2022 4.3 years 78.0% (66.3% to 86.1%)
Nov 2017-
o 018 6 months 81.6% (58.8% to 91.8%)57
Nepal Individually- 9 months- P
X . MCV-A 20,019
efficacy randomized 15 years Nov 2017
- 0 0 07224
Feb 2020 24 months 79.0% (61.9% to 88.5%)
Total protection 81% (39.0% to
94.0%)
Bangladesh Cluster JE (SA 14-| 9 months- Apr 2018- . Overall protection 56% (43.0%
efficacy randomized 14-2) 16 years May 2020 17.1 months 67,500 to 68.0%)
Indirect protection 19% (-12% to
41%)1%°
. Cluster Programmatic overall
- 2018-
In.dla randomized Test NA 9 months Sept 2018 31 months NA effectiveness 56% (25% to
Effectiveness| - 14 years Mar 2021
Negative 74%)17t
Culture confirmed S. Typhi
Pakistan 6 months- Feb 2018- 95.0% (93.0% to 96.0%)
Cohort NA 23 th NA
Effectiveness| onor 10 years Dec 2019 months XDR S. Typhi 97.0% (95.0% to
98.0%)?%
Zimbabwe 6months- | July 2019- o o 0,173
Effectiveness Case control NA 15 years March 2020 9 months NA 84% (57.0% to 94.0%




Box 1: Patient experience
Bashir’s experience with typhoid

I am a 10-year-old boy from Badin, Sindh province, Pakistan. My ten siblings and | have
never been to school. My father is a vegetable seller and earns about three to four dollars a
day — which is only enough for two meals — so we stay at home, helping him with his work or
playing with friends.

One day, while playing cricket, | found | had little energy to run. | returned home and told my
mother that | was feeling unwell. | rested in bed for days, but my temperature kept
increasing. My father took me to a nearby doctor who gave me medication and charged us
six dollars. Even with the medication my body was still burning like an oven. | went to
another doctor, who gave me a blood test and diagnosed me with typhoid. He charged us 27
dollars and prescribed more medication. After taking it, my condition continued to worsen. |
began vomiting, feeling pain in my stomach, and was unable to even take a sip of water.

| was taken to a hospital in Badin, despite my family not having money for transportation or
hospital care. There, | was told my intestine had burst and only a major surgery could save
my life. We did not have the money for this procedure. | cried while thinking my life was
about to end. An ambulance driver, who | think may be a guardian angel, suggested we
travel to the National Institute of Child Health in Karachi, where patients are treated at
almost no cost.

Accompanied by my family, we reached Karachi via ambulance and paid 545 for the four-
hour journey. | underwent surgery the same night and began my recovery. | feel like | have
been given another chance at life.


http://www.nich.edu.pk/

Figure legends

Figure 1. Incidence rates per 100,000 person-years of observation for typhoid fever, by
country, in 2019.

This figure demonstrates the incidence of typhoid fever across the world, with the highest
incidence areas shown in red, and low incidence areas in blue.

Map generated from Global Health Data Exchange VizHub GBD 2019:
https://vizhub.healthdata.org/ghd-compare/.( Created by select map, ‘use advanced
settings;’ display: cause A.3.2.1 Typhoid fever; measure: incidence; year: 2019; age: all
ages; sex: both; units: rate).

Figure 2: Salmonella Typhi genotype prevalence by world region, 2010-2020.

This figure demonstrates the prevalence of genotypes of S. Typhi across the world.
Countries contributing data are shaded in beige, and are grouped by regions as defined by
the UN statistics division. These data are based on assumed acute cases isolated from
untargeted sampling frames from 2010 onwards, with known country of origin (total
N=9,478 genomes).

Carey, M. E. et al. Global diversity and antimicrobial resistance of typhoid fever pathogens:
insights from 13,000 Salmonella Typhi genomes. medRxiv, 2022.2012.2028.22283969

Figure 3: Pathogenesis of Typhoid Fever following pathogen ingestion
A schematic figure relating the clinical presentation of typhoid fever to the pathogenesis
describing the mechanisms of invasion and systemic dissemination.

Figure 4: Clinical signs and symptoms of typhoid fever.
Typhoid fever presents predominantly with fever, headache and abdominal pain, but
symptoms and signs can be heterogenous and can include all organ systems


https://vizhub.healthdata.org/gbd-compare/
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