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Abstract

Serologic surveillance of at-risk populations can be used to directly estimate the
incidence of typhoidal Salmonella infection across a variety of settings, including
those without access to facility-based blood-culture surveillance. We collected paired
blood samples approximately three months apart from an age-stratified random
sample of healthy children and adults in Bangladesh, Malawi, and Nepal as part of
the Strategic Typhoid Alliance Across Asia and Africa (STRATAA) study. We used a
multiplex bead assay to measure the concentration of IgG antibodies against seven
Salmonella typhi/paratyphi antigens (CdtB, FIiC, HIyE, LPSO2, LPSO9, Vi, and YncE)
in each sample and identified recently infected participants by fitting a regression
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mixture model to the change in IgG concentration between participants’ samples.

We estimated the seroincidence of infection in a Bayesian framework for each study
site, age group, and antigen target. Finally, we compared the seroincidence esti-
mates with crude and adjusted estimates of clinical incidence based on blood-culture
surveillance. Seroincidence estimates were significantly higher than enteric fever
incidence across all study sites, age groups, and antigen targets, even after adjusting
for underreporting (median ratio: 24.2, interquartile range: 11.4-58.9). Seroincidence
consistently peaked in the 0—4-year age group and declined moderately between
children and adults (33% to 58% decline in HIyE seroincidence between the 5-9

and 30 +year old age groups), while enteric fever incidence peaked in older children
and fell sharply in adults (71% to 95% decline in adjusted clinical incidence). Sero-
incidence estimates based on the FIliC, YncE, and HIyE antigens individually had

the strongest correlation with observed enteric fever incidence across age groups
and study sites (r=0.72, 0.69, and 0.63, respectively). These findings suggest that

in endemic settings, both children and adults are frequently infected by typhoidal
Salmonella serotypes, although only a fraction of these infections present as clinically
identifiable enteric fever cases.

Author summary

Typhoid and paratyphoid fever cause over 10 million cases and 100,000 deaths
each year. However, a lack of routine clinical surveillance data makes evidence-
based public health decision making difficult. We collected paired blood samples
several months apart from healthy children and adults in Bangladesh, Malawi,
and Nepal, and tested these samples for Immunoglobulin G (IgG) antibodies
against 7 typhoidal antigens. We then fit mixture models to the standardized
change in IgG between the samples to identify infected participants, and used
this data to estimate the age-specific seroincidence of infection for each antigen
target and study site. Seroincidence estimates were significantly higher and
peaked at an earlier age than enteric fever incidence, and remained substantial
in adults. Seroincidence based on antibody responses to the FIiC, YncE, and
HIyE antigens were most strongly correlated with enteric fever incidence across
study sites and age groups. Our findings show that the careful collection and
analysis of serological data can provide valuable insights into the local transmis-
sion patterns and disease burden of enteric fever.

Introduction

Enteric fever is an invasive bacterial disease caused by Salmonella enterica sero-
types Typhi (S. Typhi) and Paratyphi A, B, or C (S. Paratyphi). Typhoidal Salmonella
are spread through fecal-oral transmission, primarily via contaminated food and water
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[1]. As a result, enteric fever mostly occurs in settings with limited access to clean water and sanitation in Africa and Asia,
where it causes over 10 million cases and 100,000 deaths annually [2,3]. While paratyphoid fever is rare in Africa, it often
occurs in the same regions as typhoid fever in Asia, although usually at a lower incidence [3,4].

Existing diagnostic tests for enteric fever have several limitations affecting their utility in endemic settings [5,6]. The
Widal agglutination test detects antibodies against O and H antigens, and is simple and inexpensive to perform, but has
relatively low sensitivity and specificity and requires paired samples for accurate interpretation [5,7]. Blood culture testing
is highly specific but only ~60% sensitive, and requires several days to obtain a diagnosis [5,6,8]. Bone marrow culture
is~90% sensitive, but its invasiveness limits its scalability [5,8,9]. Testing blood with a polymerase chain reaction (PCR)
assay after a brief culture period offers improved sensitivity and speed over blood culture testing alone [5,9,10]; how-
ever, both culture and PCR diagnostic tests require specialized training and equipment, which is not always available in
endemic settings. Due to the lack of an affordable, accurate, and scalable diagnostic test, routine enteric fever surveil-
lance is rarely performed [2,3,11]. The absence of robust and routine surveillance data limits policymakers ability to make
evidence-based decisions around typhoid control and prevention [11].

In settings where routine clinical surveillance data is limited or unavailable, serosurveillance can provide valuable
insights into local epidemiological conditions. Serosurveillance involves the collection and analysis of representa-
tive serologic data for the purpose of understanding population-level patterns of infection and immunity, and usually
seeks to estimate either the incidence of infection (seroincidence) or the proportion of the population which has been
infected (seroprevalence) [7,12]. Serosurveillance has been used to characterize the frequency and natural history
of infection, identify risk factors, evaluate the risk of future outbreaks, and guide public health policy for a variety of
infectious diseases, including measles [13], rubella [14], polio [15,16], pertussis [17,18], COVID-19 [19,20], and arbo-
viruses [21,22].

Serologic studies of typhoidal Salmonella have most commonly used immunoglobulin G (IgG) against the Vi polysac-
charide capsule produced by S. Typhi. However, anti-Vi IgG is often not elevated following infection, and the use of this
antigen as the basis for typhoid conjugate vaccines (TCV) will confound its use as a marker of recent infection following
vaccine introduction [7,23,24]. Spurred by the need for improved diagnostic tests, high-throughput immunoscreening of
enteric fever cases has identified additional antigen targets that may be promising indicators of infection [7,23,25-27].

In particular, longitudinal studies following culture-confirmed enteric fever cases have shown that IgG antibodies against
the haemolysin E (HIyE) and lipopolysaccharide (LPS) antigens rise sharply and remain significantly elevated for months
following S. Typhi and S. Paratyphi A infection [23,25,28,29]. By modeling the kinetics of these antibodies and comparing
them to cross-sectional measurements from the general population, Aiemjoy et al. estimated seroincidence in multiple
typhoid-endemic settings [7,25,30].

The Strategic Typhoid Alliance Across Asia and Africa (STRATAA) study was conducted at sites in Bangladesh, Malawi,
and Nepal to improve our understanding of typhoid transmission and epidemiology across disparate endemic settings
[4,31]. Alongside enhanced clinical surveillance, a detailed household census, and healthcare utilization surveys, the
STRATAA research consortium collected paired serological specimens from an age-stratified random sample of healthy
participants at each study site. The incidence of seroconversion against the Vi antigen, defined as a two-fold rise in IgG on
an enzyme-linked immunosorbent assay (ELISA), was higher than the adjusted incidence of typhoid fever and compara-
ble between children and adults [4].

In this study, we use a novel multiplex assay to measure IgG responses against seven typhoidal antigens in paired
blood samples from healthy children and adults in the Bangladesh, Malawi, and Nepal STRATAA sites. We then fit mixture
models to data on the change in IgG over time to identify infected participants and estimate seroincidence. Finally, we
compare the resulting seroincidence estimates to enteric fever incidence. This approach allows us to overcome the limita-
tions of Vi-based serology and provide a comprehensive overview of typhoidal seroincidence, its variation across different
age groups and settings, and its relationship with clinical disease in the STRATAA study.
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Methods

Ethics statement

For clinical surveillance and the serosurvey, individual written informed consent was obtained from participants over the
age of 18 or from a parent/guardian for participants below this age with additional assent sought from those between 11
and <18 years old. For the healthcare utilization survey (used to adjust enteric fever incidence for underreporting) and
the household demographic census, written informed consent was obtained from the head of each household (as the
‘key informant’) on behalf of the entire household. The STRATAA study protocol received ethics approval from the Oxford
Tropical Research Ethics Committee [39—15], the Malawi National Health Sciences Research Committee (15/5/1599), the
University of Malawi College of Medicine Research Ethics Committee, the Nepal Health Research Council (306/2015) and
the International Centre for Diarrhoeal Disease Research, Bangladesh Institutional Review Board (PR-15199).

Study design and enroliment of participants. The STRATAA study was performed in three urban communities:
Mirpur thana in Dhaka, Bangladesh; Ndirande township in Blantyre, Malawi; and Lalitpur city in Kathmandu, Nepal.
Among other factors, these areas differ in terms of demographics, population density, disease burden, and co-circulating
pathogens; a detailed description of the sites is given in Darton et al.[31]. The baseline population of each site’s
demarcated study area was enumerated in a household census conducted between June and October 2016 [4]. A final
census was performed at each site two years later, with two intermediate census updates at the Bangladesh site and a
single update at the Nepal site. No census update was performed at the Malawi site.

At each site, the baseline census was used to randomly select residents for the serologic survey within five age groups:
04, 5-9, 10-14, 15-29, and 30 +years old. The 0—4 and 5-9 year-old age groups were oversampled, relative to their
share of the census population, to ensure that there would be enough participants to reliably estimate seroincidence in
these age groups (S1 Fig) [31]. Each sampled resident was randomly assigned to a 3-month window within the year for
sampling to ensure representative coverage over the study period. Field workers visited these residents at their home
during this window to enroll participants and collect baseline blood samples. If the sampled resident was not available, the
field workers attempted to enroll a different household member from the same age group. During this visit, field workers
also attempted to enroll household members under 6 months of age bolster the number of participants from this age
group.

Participants were enrolled on an ongoing basis between February 2017 and February 2018 in Bangladesh, between
December 2016 and April 2018 in Malawi, and between January 2017 and May 2018 in Nepal. However, almost no chil-
dren at the Nepal site were enrolled in the serosurvey after November 2017, due to participation in the TyVAC-Nepal TCV
trial. Adults were not eligible for this trial and therefore continued to be enrolled in the serosurvey through the first half of
2018. To avoid confounding of age-specific incidence by calendar time, we excluded all participants at the Nepal site who
were enrolled after November 2017. In addition, seroincidence estimates for Malawi could be biased due to seasonality in
enteric fever incidence, since the Malawi serosurvey period was approximately 18 months and overlapped with two sea-
sonal peaks in transmission. Therefore, we performed a sensitivity analysis for the Malawi site in which participants who
did not have both samples collected during 2017 were excluded.

Sample collection and laboratory testing. Blood samples (1-3 ml) were collected from enrolled participants in
ethylenediaminetetraacetic acid (EDTA) tubes. All three sites performed anti-Vi IgG ELISAs using VaccZyme kits from
The Binding Site Group (see Meiring et al. for results [4]). A further aliquot of blood was sent to either the University
of Cambridge or Oxford University for standardized IgG testing with a custom multiplex bead-based immunoassay.
Carboxylated fluorescent beads (Luminex-Diasorin) were coupled to purified S. Typhi antigens and incubated with the
heat-inactivated sera at 1:20 dilution in assay diluent (phosphate-buffered saline, 0.05% Tween-20 and 1% BSA) for
1 hour in the dark on a shaker. The antigen panel included cytolethal distending toxin B (CdtB), flagellin (FIiC), HIyE,
LPSO2, LPSQ9, Vi, and YncE. IgG specific antibodies were detected with phycoerythrin (PE)-conjugated goat anti-human
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IgG (Moss Inc) at 4ug/mL, incubated for 30 minutes in the dark on a shaker. Beads were washed and acquired on a
Luminex 200 instrument.

To ensure comparability, paired samples from the same participant were always tested on the same plate using the
same set of antigen batches. Each plate also included a blank control (diluent with no sera) and a negative control sam-
ple taken at baseline from a presumably unexposed participant in a typhoid human challenge study [32]. We tested each
sample in duplicate and recorded the mean and standard deviation of the two fluorescence intensity (FI) measurements
(after subtracting the associated blank FI value) for each antigen target. To quantify measurement variability, we calcu-
lated the coefficient of variation (CV) for each participant and antigen target as the ratio of the standard deviation to the
mean of the duplicate FI measurements. Across participants, the median CV ranged from 1.56% (interquartile range
(IQR): 0.64% to 3.43%) for HIYE at the Bangladesh study site to 9.40% (IQR: 4.07% to 18.99%) for Vi at the Nepal study
site (S2 Fig).

Data cleaning and processing. Per the study protocol, we planned to collect a baseline and follow-up sample from
each participant at two visits approximately 90 days apart. In practice, some participants were lost to follow-up, while
others had their second sample collected earlier or later than the 90-day post-baseline target. To minimize the impact of
false-negative infections, which could occur if antibodies have enough time to undergo significant waning by the time the
second sample is collected, we excluded participants with over 150 days between samples; we conducted a sensitivity
analysis in which this threshold was not applied, and another in which it was reduced to 100 days. The distribution of days
between samples for each study site is shown in S3 Fig. We also excluded IgG measurements that had a non-positive Fl
value (indicative of measurement error), did not form a unique pair of baseline and follow-up measurements, or could not
be linked to participant metadata.

To standardize measurements between antigen batches, we took the mean FI value from the two sample duplicates,
applied a log10 transformation, and calculated a z-score based on the batch-specific mean and standard deviation of the
resulting log10(FI1) values. We refer to the resulting output as the standardized fluorescence intensity (sFl).

Classifying seroresponses. We fit a mixture of two linear regression models in which each qualifying participant
is treated as a single observation, sFI at the first visit is the predictor variable, and the change in sFI between visits
is the response variable. The fitted mixture model assigns each participant a posterior probability of membership in
two clusters - one corresponding to a significant change (either increase or decrease) in IgG between visits, and the
other corresponding to stable IgG between visits. We assigned each participant to the cluster with the higher posterior
probability, and classified participants as infected if they had both a significant increase in IgG between visits (i.e.,
posterior probability of increase>0.5) and a higher IgG concentration at the follow-up visit than a negative sample
from the same plate, to exclude false-positive infections caused by small absolute rises in IgG around the assay limit
of detection. All other participants were considered uninfected. This process is illustrated in Fig 1 for the HIyE antigen
target. This mixture model approach takes advantage of the paired structure of the STRATAA serosurvey data, puts
precise bounds on the time period during which exposure could have occurred, and does not require us to make
specific assumptions about antibody kinetic parameters, the duration of post-infection immunity, or a seropositivity
threshold.

We fit the mixture model separately for each of the seven antigen targets and three study sites, for a total of 21 fitted
models. The full distribution of participants’ posterior probability of infection from the mixture model are given in S4 Fig for
each study site and target antigen. To test the convergence of our mixture models, we refit each model five times under
different starting conditions. For each refitted mixture model, the number of participants classified as infected was within 2
of the model used in the main analysis (<0.15% of participants).

As a sensitivity analysis, we directly used each participant’s mixture-model-derived probability of infection to estimate
seroincidence based on a modified likelihood equation, described below, rather than classifying participants as infected
or not using the cutoff value of 0.5. We also performed a sensitivity analysis in which all participants with a large relative
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Bangladesh:
Anti-HIyE IgG, Change vs Baseline Probability of a Large 1gG Response Classifying Infection Status
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Fig 1. Classification of Anti-HIyE IgG Responses. IgG measurements refer to standardized log-transformed fluorescence intensity (see methods).
Panels in the top, middle, and bottom rows correspond to the Bangladesh, Malawi, and Nepal study sites, respectively. In each panel, each point
represents the anti-HIYE 1gG at baseline (x-axis) and the change in IgG from baseline to the follow-up visit (y-axis) of a single participant. Left: Most
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participants are clustered around the horizontal dashed line corresponding to no change in IgG between visits. Middle: Participants are colored by the
posterior probability of having a large change (either an increase or decrease) in IgG between visits. This metric is derived from a two-cluster linear
regression mixture model. Right: Participants who experienced a large rise in IgG between visits (posterior probability >0.5) and had a higher IgG level at
follow-up than a matched negative control were classified as infected during this period. All other participants were considered to be uninfected.

https://doi.org/10.1371/journal.pntd.0013612.9001

increase in 19G (posterior probability of increase >0.5) are considered infected, even if the absolute concentration of IgG
in the follow-up sample is low.

Estimating seroincidence. We assumed that participants experience new typhoidal Salmonella infections at a mean
rate A (seroincidence), such that the time ¢ from visit 1 to the next infection is exponentially distributed. The likelihood
function for X is formed by linking infection status to the cumulative distribution function (CDF) of the exponential
distribution:

LA = zn:l,-P(t< d) + (1=HP(t>d) = > I{(1-e%) + (1-)e™?,
i=1 }

where i = 1,2, ..n denotes the set of participants, /; is a binary variable indicating whether or not participant j was
infected between samples (I; = 1 or 0, respectively), and d; is the time interval between samples. We implemented this
likelihood function in a Markov chain Monte Carlo (MCMC) framework with the Metropolis-Hastings [33] algorithm to
estimate the posterior distribution of A, using an approximately flat gamma prior (shape = scale = 0.001), three indepen-
dent chains of 10,000 samples, a 1,000 sample burn-in period, and a normal proposal distribution with a variance of 0.1
infections per person-year. We visually examined the output chains to confirm proper convergence. Seroincidence was
estimated separately for each of the three study sites, seven antigen targets, and five age groups. Finally, we calcu-
lated the “overall” age-standardized seroincidence for each study site and antigen as a census-weighted average of the
age-specific posterior distributions of A. As a sensitivity analysis, we replaced /; in the likelihood function with the posterior
probability that participant i was infected, in order to account for uncertainty in the mixture model’s classification of infec-
tion status.

Clinical surveillance. In order to evaluate the relationship between serologically-inferred infections and symptomatic
disease at the population level, we compared our seroincidence estimates to the incidence of blood-culture-confirmed
enteric fever (typhoid and paratyphoid fever) at each study site. In the STRATAA study, members of the household census
population who presented to a study healthcare facility with either a recorded temperature of 38°C or a history of fever for
>48 hours were approached for recruitment, and consenting patients provided blood for culture testing [4]. At each study
site, clinical surveillance activities and recruitment for the serologic survey began within a month of each other (Table 1).
For Bangladesh and Malawi, we used the full ~2-year clinical surveillance period to calculate enteric fever incidence, as
this almost entirely overlaps with the interval covered by the serosurvey (Table 1). For Nepal, we only used the first year
of clinical surveillance (2017) to calculate enteric fever incidence in order to align with the period covered by our serologic
samples (see above). In addition to crude incidence, we also present the symptomatic incidence of enteric fever, which
has been adjusted for blood culture test sensitivity and the probability of care-seeking and testing [4].

All modeling and analysis was performed in R (v3.6.3) [34]. The mixture model was fitted using the flexmix function of
the mixtools R package (v1.2.0), which employs an expectation-maximization algorithm [35]. Code and data are available
at github.com/pitzerlabl Typhoid-Seroincidence.

Results

The number of participants meeting the inclusion criteria (collection of both baseline and follow-up samples within 150
days of each other, a complete record of the sample collection dates, and enrollment before December 2017 at the Nepal
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Table 1. Participant Number and Characteristics.

Bangladesh

Malawi

Nepal

Serosurvey Enrollment Period

Feb 2017-Feb 2018

Dec 2016-Apr 2018

Jan-Nov 2017

Clinical Surveillance Period

Jan 2017-Dec 2018

Nov 2016-Oct 2018

Jan-Dec 2017

Total Participants 6,967 4,231 2,557
Excluded Participants: 115 578 8
Measurement error 11 0 0

No follow-up visit 39 38 1
Indeterminate visit date 3 70 6

>150 days between visits 62 470 1
Participants Included in Final Analysis 6,852 3,653 2,549
Participants by Age (%)

0-4 years 1,914 (27.9%) 704 (19.3%) 194 (7.6%)
<6 months 16 (0.2%) 2 (<0.1%) 0

6 months-<1 year 61 (0.9%) 17 (0.5%) 4 (0.2%)
1-4 years 1,837 (26.8%) 685 (18.8%) 190 (7.4%)
5-9 years 1,115 (16.3%) 663 (18.1%) 362 (14.2%)
10-14 years 702 (10.2%) 417 (11.4%) 315 (12.4%)
15-29 years 955 (13.9%) 655 (17.9%) 345 (13.5%)
30+years 2,166 (31.6%) 1,214 (33.2%) 1,333 (52.3%)

Days Between Baseline and Follow-Up Samples: Median (IQR)

84 (79 - 89)

103 (91 - 113)

110 (101-122)

https://doi.org/10.1371/journal.pntd.0013612.t001

site to avoid overlap with the TyVac-Nepal TCV trial) was 6,852 at the Bangladesh site, 3,653 at the Malawi site, and
2,549 at the Nepal site (Table 1). Follow-up samples were collected slightly earlier in Bangladesh than in Malawi and
Nepal, with a median of 84, 103, and 110 days between visits, respectively (S3 Fig). Baseline I1gG levels against each
target antigen were generally stable or slightly increased with age (S5 Fig). Standardized IgG measurements for different
antigens from the same participant sample were almost always positively correlated with each other, although most of the
correlations were weak to moderate: Pearson’s correlation coefficients for antigen pairs ranged from -0.05 to 0.59 at the
Bangladesh site, from 0.1 to 0.80 at the Malawi site, and from 0.17 to 0.75 at the Nepal site (S6 Fig).
There were 47 participants who received a blood-culture test from a STRATAA study clinic during the period between
the collection of the first and second serologic samples (37 from Bangladesh, 10 from Nepal, none from Malawi) (S7 Fig).
Four participants were blood-culture positive for either S. Typhi (n=3) or S. Paratyphi A (n=1) and experienced a 4.0-fold
median rise in anti-HIyE 1gG (IQR: 3.35-fold to 4.60-fold). One blood-culture-negative participant at the Bangladesh site
had a positive stool-culture for S. Typhi, and experienced a 4.76-fold rise in HIYE IgG. All five of these participants were
classified as infected by the HIyE mixture model. The 42 participants without a positive S. Typhi/Paratyphi culture test

experienced only a 1.01-fold median change in anti-HIyE 19G (IQR: 0.89-fold to 1.10-fold), although 7 of these
culture-negative participants were classified as infected by the HIyE mixture model.

Seroincidence was considerably greater than enteric fever incidence across age groups, antigen targets, and study
sites, even after adjusting for underreporting (Fig 2, median ratio: 24.2, IQR: 11.4-58.9). For instance, median age-
standardized seroincidence estimates based on the HIyE antigen were 46.3 (95% credible interval (Crl): 39.3 to 54.2)
per 100 person-years (PY) in Bangladesh, 24.0 (95% Crl: 17.9 to 31.5) per 100 PY in Malawi, and 21.0 (95% Crl: 14.6 to
29.2) per 100 PY in Nepal (Table 2). These seroincidence estimates are 32, 54, and 18 times greater than the adjusted
enteric fever incidence and 227, 415, and 265 times greater than the unadjusted enteric fever incidence at the Bangla-

desh, Malawi, and Nepal study sites, respectively.
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https://doi.org/10.1371/journal.pntd.0013612.g002
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Seroincidence was generally highest in the 0—4-year age group and declined gradually with age, but remained high even
in adults (Fig 2). Exceptions include seroincidence based on the FliC antigen in Malawi and Nepal, seroincidence based on
the YncE antigen in Malawi, and seroincidence based on the Vi antigen at each study site, which were approximately stable
with age. HIYE seroincidence was particularly high in the first two years of life at the Bangladesh and Malawi study sites,
and among 2-3-year-olds at the Nepal site (Fig 3). Excluding participants who were younger than 6 months old at enroll-
ment (16 at the Bangladesh site, two at the Malawi site, and none at the Nepal site) resulted in similar or slightly higher
HIyE seroincidence estimates (S8 Fig). The observed relationship between seroincidence and age contrasts with enteric
fever incidence, which peaks in school-aged children before rapidly declining to a low level in adults (Fig 4). For instance,
adjusted enteric fever incidence declined 90% at the Bangladesh site, 71% at the Malawi site, and 95% at the Nepal site
between the 5-9 and 30+year age groups, while HIyE seroincidence declined only 33%, 40%, and 58%, respectively, over
the same interval.

Seroincidence estimates were positively correlated with the unadjusted incidence of enteric fever across different age
groups and study sites (r=0.25 to 0.72 across antigen targets) (S9 Fig and Table 3). Adjusting the incidence of enteric

g Bangladesh g Malawi : Nepal

> > >

; = = =

2 2 2

§ 150+ § 1501 § 150+

ll,_\ D-,-\ &A

8¢ 8¢ 8¢

5 e 5 £ 5 <

g0 1007 50 1007 g0 1007

Q Q Qo

23 £3 £3

S5 + S5 118

2% 501 £ 501 8% 50

n> n> n +

w W by

I i I

§ 07 & 07 § 07

3 012 3 459 8 0123 459 8 01 2 3 459
Age (Years) Age (Years) Age (Years)

(2] w w

S 3 S

> > >

s 1.01 & 1.01 S 1.0

2 2 2

S __ O _ O

o5 A5 L5

85 081 85081 85 081

.- - 5

28061 2806 2806

OE OE O

83 0.41 83 0.4 83 041

S g S

(X)) (SNe) [SXe)]

5 D21 5 0.2 } 5 0.2

{= = [

w w w

S 0.0 g 0.0 3 0.0

© 012 3 459 ° 01 2 3 459 ° 01 2 3 459
Age (Years) Age (Years) Age (Years)

Fig 3. HIyE Seroincidence and Enteric Fever Incidence by Age in Young Children. Panels in the top and bottom rows display HIyE seroincidence
and crude enteric fever incidence, respectively, at the Bangladesh (left), Malawi (middle), and Nepal (right) study sites. Age-specific incidence is shown
for each of the first 5 years of life (black), and for 5-9 year-olds overall (red). Vertical lines represent 95% credible and confidence intervals for seroinci-
dence and enteric fever incidence, respectively.

https://doi.org/10.1371/journal.pntd.0013612.g003
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with age, while the incidence of enteric fever peaks in older children before rapidly declining to a low level in adults. Vertical lines represent the 95%
credible intervals of seroincidence estimates.

https://doi.org/10.1371/journal.pntd.0013612.9g004

fever for underreporting weakened its correlation with seroincidence (r=-0.16 to 0.31, S10 Fig), although this appears to
be attributable to the adjustment factors for Nepal: when estimates from the Nepal study site were excluded, the correla-
tion between seroincidence and enteric fever incidence increased for all antigens, and was comparable between unad-
justed (r=0.43 to 0.82) and adjusted enteric fever incidence (r=0.40 to 0.86) (Table 3). Enteric fever incidence was most
strongly correlated with seroincidence estimates based on the FliC, YncE, HIyE, and CdtB (for comparisons with adjusted
incidence only) antigen targets. YncE and CdtB were the only antigen targets for which the median seroincidence esti-
mates captured the overall rank ordering of enteric fever incidence between study sites, with the highest incidence at

the Bangladesh site, the lowest incidence at the Malawi site, and intermediate incidence at the Nepal site. However, the
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Table 3. Correlation Between Seroincidence and Enteric Fever Incidence Across Age Groups and Study Sites.

Antigen Target | Pearson correlation between seroincidence* and unadjusted | Pearson correlation between seroincidence* and adjusted
enteric fever incidence enteric fever incidence
Bangladesh, Malawi, and Nepal | Bangladesh and Malawi only  Bangladesh, Malawi, and Nepal | Bangladesh and Malawi only

CdtB 0.44 0.74 0.26 0.79

FliC 0.72 0.78 0.30 0.81

HIyE 0.63 0.78 0.31 0.81

LPSO2 0.25 0.43 -0.16 0.40

LPSO9 0.54 0.64 0.21 0.64

Vi 0.59 0.67 0.15 0.69

YncE 0.69 0.82 0.25 0.86

*median age-specific seroincidence estimate for the indicated antigen target.

https://doi.org/10.1371/journal.pntd.0013612.t003

95% credible intervals of the age-standardized YncE and CdtB seroincidence estimates overlapped between study sites
(S11 Fig). Limiting our Malawi analysis to participants with both samples collected in 2017 resulted in lower seroincidence
estimates for each antigen target (S11 and S12 Figs). As a result, the rank ordering of study sites by age-standardized
seroincidence matched that of enteric fever incidence for the CdtB, HIyE, Vi, and YncE antigen targets in this sensitivity
analysis. While HIyE seroincidence in children was higher at the Nepal study site than at the Malawi site, seroincidence in
adults was comparable between the two sites.

To evaluate temporal trends, we assigned each serosurvey participant to the month containing the midpoint between
sample collection dates and calculated HIyE seroincidence for each month and study site (S13 Fig). At the Bangla-
desh site, seroincidence tracked the rise in enteric fever cases and blood-culture-positivity over the study period. In
Malawi, both seroincidence and enteric fever cases peaked simultaneously at the beginning of 2017 and 2018, during
the rainy season. At the Nepal study site, a peak in seroincidence in the spring of 2017 coincided with low enteric
fever cases, although this could be explained by the low number of patients enrolled in clinical surveillance in the
early months of the STRATAA study [4]. Subsequently, seroincidence tracked the decline in enteric fever cases and
blood-culture positivity following the summer rainy season (June to August), but did not capture their resurgence in the
last two months of 2017.

Reducing the upper limit on time between samples from 150 to 100 days did not have a large or consistent impact on
seroincidence estimates (S14 Fig). Removing this limit and including participants with over 150 days between samples
had very little impact on seroincidence at the Bangladesh and Nepal study sites, since few participants were excluded by
this criterium (S3 Fig). At the Malawi site, seroincidence estimates marginally decreased across age groups and antigen
targets when the 470 participants with >150 days between samples were included in the analysis, although the relation-
ship between age and seroincidence was essentially unchanged.

Classifying all participants with a large relative increase in IgG between visits as infected, regardless of the abso-
lute IgG concentration at the second visit, increased our seroincidence estimates, although the effect varied between
antigen targets (S15 Fig). Seroincidence based on the Vi antigen increased significantly at each of the study sites,
particularly in the younger age groups. However, estimates based on the HIyE, LPSO9, and YncE antigens were
mostly unchanged. With the exception of the Vi antigen, our decision to classify all participants with a low absolute
IgG concentration at follow-up as uninfected did not meaningfully affect the relationship between age and seroinci-
dence. Finally, seroincidence estimates were consistently lower (but still substantially higher than enteric fever inci-
dence) when we replaced binary infection status with the posterior probability of infection from the mixture model in
the likelihood function (S16 Fig).
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Discussion

In this study, we estimated the incidence of serologically-defined typhoidal Salmonella infection in three endemic urban
settings by analyzing paired blood samples from the general population. These seroincidence estimates were substan-
tially higher than the incidence of enteric fever across sites and age groups, even after adjusting for underreporting. This
suggests that residents of endemic settings are infected by typhoidal Salmonella every few years on average, and that
most of these infections are asymptomatic or do not present with traditional enteric fever symptoms. In addition to their
difference in magnitude, seroincidence and enteric fever incidence followed different relative patterns with age: while
seroincidence was highest in the first few years of life, enteric fever incidence was relatively low during this period and
peaked later in childhood, as is typical in many typhoid-endemic settings [2,4,36—38]. Our finding of higher seroincidence
in young children is consistent with other serologic studies [4,25], and contradicts the idea that enteric fever incidence is
low in young children because they are not exposed as often as older children. Cases in young children may have been
under-detected in the STRATAA study, relative to other age groups [39]. There is some evidence that the presentation of
enteric fever is less specific, and potentially less severe, in young children, which could affect care-seeking, and parents
of young children may have been less likely to consent to the collection of blood for culture diagnosis [1,40,41]. Blood
samples from young children, particularly infants, are also more difficult to collect and lower in volume than those from
older patients, reducing culture sensitivity [8]. While the adjustment factors applied to the culture-confirmed incidence data
in the STRATAA study varied by age and attempted to control for some of these factors, the methodology may not have
fully captured all of the differences between age groups. The low incidence of enteric fever in adults, on the other hand,
likely reflects the gradual development of adaptive immunity from repeated exposure events throughout the lifespan [42].
Our seroincidence results reveal that the low burden of disease in adults only can be partially explained by a reduced risk
of infection, which suggest that infections in this group are more likely to be asymptomatic or only result in mild disease.
The relatively high seroincidence in adults suggests that they are frequently infected by typhoidal Salmonella, and there-
fore may be more important drivers of transmission than their disease burden alone would suggest; this may explain why
only vaccinating children <15 years old failed to generate strong indirect protection in a cluster-randomized trial of TCV in
Dhaka [43].

Seroincidence estimates based on the FIiC, HIyE and YncE antigen targets were most strongly correlated with
enteric fever incidence between age groups and settings. In a comparison of longitudinal antibody responses in
culture-diagnosed enteric fever cases, a previous study showed that anti-HIyE 1gG levels increased sharply following
diagnosis and remained significantly elevated, relative to healthy controls from the community and culture-negative
patients, for at least three months in both typhoid and paratyphoid A cases [23]. Anti-YncE IgG levels, which have pri-
marily been studied as a potential marker of chronic S. Typhi carriage [44], also rose and remained elevated following
the onset of enteric fever, but these responses were much less distinctive against the background level of antibodies in
non-cases. FliC was not included in this comparison, although cross-reactivity with is known to be an issue for serodi-
agnostics based on flagellar antigens [5,45]. Due to their strong association with enteric fever cases at both the indi-
vidual and population level, antibody responses against the HIyE antigen should be prioritized as an endpoint in future
seroepidemiology studies.

Our seroincidence estimates were similar in magnitude to those obtained with an alternative approach leveraging
cross-sectional serology data [25]. In both studies, overall seroincidence was>5 per 100 person-years for each study site
and antigen, and were substantially higher than the adjusted incidence of enteric fever in their respective populations.
Both studies included estimates from sites in Dhaka and Kathmandu, and the ratio of overall seroincidence to adjusted
enteric fever incidence was similar between the two studies in these locations (32 for both studies in Dhaka, and 18 vs
16 in Kathmandu), which suggests that both methods produce similar results. Since paired and cross-sectional samples
resulted in similar seroincidence estimates, the logistical benefit of not having to collect a follow-up sample may make
cross-sectional sampling the more attractive option for future seroepidemiology studies of typhoidal Salmonella. By
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contrast, our Vi seroincidence estimates were higher than the previously-published ELISA-based Vi seroincidence esti-
mates from the STRATAA study at the Bangladesh and Malawi sites (although estimates were similar at the Nepal site),
despite being based on the same target antigen and participant samples (S17 Fig). The multiplex bead assay used in
this study may have been able to measure IgG antibodies more precisely than the traditional ELISA method, which would
have allowed us to detect serological exposures more easily.

Our analysis is subject to several limitations which should be considered when interpreting our results. First, we
assumed that a large rise in IgG against the target antigen indicated typhoidal Salmonella infection, but this response
could also arise from cross-reactive exposures to related bacteria. Cross-reactivity would inflate our seroincidence esti-
mates and weaken their association with enteric fever incidence at the population level. For instance, the relatively high
LPS0O2/09 seroincidence at the Malawi study site could be partially explained by greater exposure to non-
typhoidal Salmonella strains in this setting, relative to Bangladesh and Nepal [4]. As described above, anti-HIYE 1gG
has a strong and specific association with recent enteric fever cases [23,25]; as a result, seroincidence estimates
based on this target should be fairly robust to the impact of cross-reactive exposures. Second, our approach is pre-
mised on the idea that IgG will rise sharply and remain significantly elevated for several months following infection.
This was demonstrated previously in a longitudinal study of typhoid and paratyphoid fever cases, but it is possible that
the magnitude and shape of antibody responses varies between clinical and asymptomatic cases [23]. If asymptomatic
infections only result in a small or transient rise in IgG antibodies, then some participants could have been misclassified
as uninfected. Third, our methodology assumes that seroincidence is constant over time. In reality, incidence varies
seasonally and from year-to-year, and therefore our estimates should be treated as averages over the study period.
Incidence can also vary between subgroups of participants with different risk factors. We attempted to control for this by
recruiting participants from a randomly selected sample of residents enumerated through the STRATAA household cen-
sus. Fourth, there were minor differences in the timing of sample collection between the study sites. Follow-up samples
were usually collected slightly earlier at the Bangladesh site relative to the Malawi and Nepal sites. However, in a sensi-
tivity analysis that excluded participants with over 100 days between samples, in effect negating the difference between
Bangladesh and the other two sites, we did not observe any systematic change in the seroincidence estimates. Fifth,
very few participants under 6 months of age were enrolled in our study, despite efforts to recruit from this population.
Thus, we were not able to reliably evaluate the effect of maternal immunity in this specific age group. Sixth, the esti-
mated adjustment factors for enteric fever incidence were higher at the Nepal site than at the Bangladesh and Malawi
study sites, particularly in the 5-9 and 10—-14 year-old age groups. Overestimation of these adjustment factors at the
Nepal site could have weakened the observed correlation between enteric fever incidence and seroincidence. Finally,
with the exception of Vi (which is only present in S. Typhi), the target antigens in this study are expressed by both S.
Typhi and S. Paratyphi. As a result, seroincidence estimates based on these antigens do not distinguish between the
two serotypes. However S. Paratyphi is not believed to circulate at the Malawi study site, so exposures in this setting
can be attributed to S. Typhi [4].

We conducted a seroepidemiologic study of typhoidal Salmonella infection dynamics at three study sites in Bangla-
desh, Malawi, and Nepal. We found that the seroincidence of infection was much higher than symptomatic enteric fever
incidence, varied with age, and was predictive of the population-level disease burden, particularly for the HIyE, YncE, and
FliC antigen targets. We recommend that future serosurveillance studies focus on the HIyE antigen target, given its strong
association with enteric fever at the population and individual level. These findings strengthen our understanding of the
transmission dynamics and natural history of S. Typhi and S. Paratyphi serotypes, and can inform the design of future
serologic studies seeking to generate data on these pathogens. Given the high seroincidence observed among adults,
future studies should evaluate the public health impact and cost-effectiveness of vaccinating adults against typhoid fever.
Even if infections in this age group are relatively unlikely to progress to clinically severe disease, there could be indirect
benefits on population-level transmission.
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Supporting information

S1 Fig. Age Distribution of Serosurvery Participants and the Census Population. The height of each bar indicates
the proportion of serosurvey participants (light grey, left) and the baseline census population (dark grey, right) in each age
group for each study site.

(PNG)

S2 Fig. Coefficients of Variation of Duplicate Sample Measurements. Boxplots summarize the distribution of partici-
pant’s coefficient of variation (CV) values (y-axis) for duplicate fluorescence intensity (FI) measurements. Each box corre-
sponds to a different antigen target (x-axis), while each panel corresponds to a different study site. Box whiskers extend
from the minimum to the maximum CV values.

(PNG)

S3 Fig. Distribution of Days Between Paired Serologic Samples. Left: Boxplots of the time between the collection of
baseline and follow-up samples for participants at the Bangladesh, Malawi, and Nepal study sites. Box whiskers extend
from the minimum to the maximum value. Right: Histograms of the number of participants at each study site with 0-50,
51-100, 101-150, and >150 days between samples at the Nepal (top), Malawi (middle), and Bangladesh (bottom) study
sites. *Participants with >150 days between samples were excluded from the primary analysis.

(PNG)

S4 Fig. Distribution of the Mixture Model Posterior Probability of Infection Among Participants with a Rise in IgG. Each
panel is a histogram of the posterior probability of infection (as indicated by a large rise in IgG) for participants who experienced
an increase in IgG between the baseline and follow-up visits. Participants who experienced a decrease in IgG between visits
were assumed to have not been infected and are not included in this figure. Each column of panels corresponds to a different
antigen target, while the top, middle, and bottom rows correspond to the Bangladesh, Malawi, and Nepal study sites.

(PNG)

S5 Fig. Baseline IgG by Age and Study Site. Each panel corresponds to a specific antigen target against which IgG
antibodies were measured. Solid lines denote the median of the log10-transformed fluorescence intensity (Fl, a proxy for
IgG concentration, y-axis) across participant’s baseline samples in each age group (x-axis). Vertical lines represent the
interquartile range (IQR) of the log10(FIl) measurements. Green, orange, and purple lines correspond to the Bangladesh,
Malawi, and Nepal study sites, respectively.

(PNG)

S6 Fig. Correlation of IgG Between Antigen Targets. This figure displays the Pearson’s correlation coefficient of stan-
dardized IgG measurements from the same participant sample for each unique pair of antigen targets.
(PNG)

S7 Fig. Anti-HIyE IgG Responses in Participants with Blood-Culture Testing. Each point represents a single sero-
survey participant who also had a blood-culture test performed at a STRATAA study clinic during the period between their
two serologic samples. The y-axis indicates the fold-change in anti-HIyE IgG between the baseline and follow-up sample.
Participants classified as infected by the mixture model on the basis of their HIyE seroresponse are plotted as triangles.
All other participants are plotted as circles. The color of each point indicates the blood-culture test result. Individual points
have been adjusted horizontally to prevent visual overlap.

(PNG)

S8 Fig. Effect of Including Participants Under Six Months of Age on HIyE Seroincidence Estimates. Points and
lines represent the median estimate and 95% credible interval of HIyE seroincidence, respectively. Panels in the top row
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correspond to the Bangladesh study site, while those in the bottom row correspond to the Malawi site. Panels in the left
column are based on participants who were <1 year old at the time of enrollment, while panels in the right column are
based on participants who were <5 years old at enroliment. Within each panel, the values on the left and right represent
the seroincidence estimate when participants <6 months old are included and excluded, respectively. No participants <6
months of age were enrolled at the Nepal site, so it is not included in this figure.

(PNG)

S9 Fig. Correlation Between Seroincidence and Unadjusted Enteric Fever Incidence. Each panel corresponds to
the specific antigen target which was used to classify participants’ infection status when calculating seroincidence. Each
point corresponds to an age group (shape) at a given study site (color). The position of each point represents the seroin-
cidence (x-axis) and unadjusted enteric fever incidence (y-axis) for that age group and study site during the study period.
The linear relationship between seroincidence and enteric fever incidence is indicated by a dashed line of best fit and the
Pearson’s correlation coefficient (r) at the top of the panel.

(PNG)

$10 Fig. Correlation Between Seroincidence and Adjusted Enteric Fever Incidence. Each panel corresponds to the

specific antigen target which was used to classify participants’ infection status when calculating seroincidence. Each point
corresponds to an age group (shape) at a given study site (color). The position of each point represents the seroincidence
(x-axis) and adjusted enteric fever incidence (y-axis) for that age group and study site during the study period. The linear

relationship between seroincidence and enteric fever incidence is indicated by a dashed line of best fit and the Pearson’s

correlation coefficient (r) at the top of the panel.

(PNG)

S$11 Fig. Overall Age-Standardized Seroincidence and Enteric Fever Incidence by Study Site. Each bar corre-
sponds to a different study site, and the bar heights represent either the seroincidence of infection or the incidence
of enteric fever cases at each site, as indicated. Error bars represent the 95% credible interval (Crl) for the estimates
of seroincidence and adjusted enteric fever incidence, and 95% confidence intervals (Cl) for unadjusted enteric fever
incidence. Incidence measures in this figure correspond to the overall population at each study site and its unique
age distribution, rather than any specific age stratum. Since the Malawi serosurvey overlapped with two seasonal
peaks in transmission, we included a sensitivity analysis limiting the Malawi site to participants with both samples
collected in 2017.

(PNG)

S$12 Fig. Seroincidence at the Malawi Site by Age, Antigen, and Time Period. Each panel corresponds to the spe-
cific antigen target which was used to classify participants’ infection status when calculating seroincidence. Solid lines
denote the median seroincidence (y-axis) in each age group (x-axis). Vertical lines represent the 95% credible intervals
of the seroincidence estimates, and dashed lines indicate the adjusted incidence of enteric fever. Orange lines represent
estimates based on the full serosurvey period, while green lines correspond to estimates limited to participants with both
samples collected in 2017.

(PNG)

S$13 Fig. Monthly Enteric Fever Cases and HIyE Seroincidence. The height of each bar indicates the monthly number
of blood-culture-confirmed enteric fever cases. The orange line represents the monthly estimated HIyE seroincidence, with
each participant assigned to the month of the midpoint between their baseline and follow-up samples. The top, middle,
and bottom panels correspond to the Bangladesh, Malawi, and Nepal STRATAA sites, respectively. Seroincidence esti-
mates based on fewer than 50 participants are suppressed (April and June 2018 in Bangladesh and Malawi, respectively).
(PNG)
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S$14 Fig. Seroincidence by Maximum Time Between Samples. Each panel corresponds to the specific antigen target
which was used to classify participants’ infection status when calculating seroincidence. Seroincidence estimates for the
Bangladesh, Malawi, and Nepal study sites appear in the top, middle, and bottom row of panels, respectively. Solid lines
denote the median seroincidence (y-axis) in each age group (x-axis). Vertical lines represent the 95% credible intervals
of the seroincidence estimates. Black lines correspond to the primary analysis, which excluded participants with sample
pairs collected over 150 days apart, while red lines correspond to a sensitivity analysis which only included participants
with < 100 days between samples.

(PNG)

S$15 Fig. Effect of Small Absolute Increases in IgG on Seroincidence Estimates. Each panel corresponds to the
specific antigen target that was used to classify participants’ infection status when calculating seroincidence. Seroinci-
dence estimates for the Bangladesh, Malawi, and Nepal study sites appear in the top, middle, and bottom row of panels,
respectively. Solid lines denote the median seroincidence (y-axis) in each age group (x-axis). Vertical lines represent the
95% credible intervals of the seroincidence estimates. Black lines correspond to the primary analysis, while red lines cor-
respond to a sensitivity analysis in which participants with a lower IgG at follow-up than a plate- and antigen batch-specific
negative control are automatically classified as uninfected, regardless of the relative change in IgG between samples.
(PNG)

$16 Fig. Seroincidence by Likelihood Function. Each panel corresponds to the specific antigen target which was used to
classify participants’ infection status when calculating seroincidence. Seroincidence estimates for the Bangladesh, Malawi,
and Nepal study sites appear in the top, middle, and bottom row of panels, respectively. Solid lines denote the median
seroincidence (y-axis) in each age group (x-axis). Vertical lines represent the 95% credible intervals of the seroincidence
estimates. Black lines correspond to the primary analysis, while red lines correspond to a sensitivity analysis in which the
likelihood function for seroincidence directly incorporates participants’ mixture model-derived probability of infection.

(PNG)

S$17 Fig. Vi Seroincidence by Age, Study Site, and Assay. Each panel corresponds to a different study site. Lines
denote the estimated seroincidence (y-axis) in each age group (x-axis). Solid lines represent seroincidence estimates
based on the serologic data generated in this study with a bead-based multiplex assay, while the dashed lines depict
previously published seroincidence estimates based on ELISA assays. Green, orange, and purple lines correspond to the
Bangladesh, Malawi, and Nepal study sites, respectively.

(PNG)

Acknowledgments

We acknowledge the contributions of the participants who took part in the STRATAA study and the large field and labora-
tory teams at the three study sites who make up the STRATAA Study Group, including Amit Aryja, Binod Lal Bajracharya,
David Banda, Yama Mujadidi, Pallavi Gurung, Arifuzzaman Khan, Clemens Masesa, Tikhala Makhaza Jere, Archana
Maharjan, George Mangulenji, Maurice Mbewe, Harrison Msuku, Nirod Chandra Saha, Prasanta Kumar Biswas, Anup
Adhikari, Md Amiruli Islam Bhuiyan, Christoph Blohmke, Sabina Dongol, Jennifer Hill, Nhu Tran Hoang, Rose Nkhata,
Sadia Isfat Ara Rahman, Nazia Rahman, Neil J. Saad, Richard Wachepa, and the Nepal Family Development Foundation
team.

Author contributions
Conceptualization: Jo Walker, Andrew J. Pollard, Stephen Baker, James E. Meiring, Merryn Voysey, Virginia E. Pitzer.
Data curation: Jo Walker, Susana Camara, Mila Shakya, Deus Thindwa, James E. Meiring, Merryn Voysey.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0013612 October 9, 2025 18/21



http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013612.s014
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013612.s015
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013612.s016
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013612.s017

PLO“- Neglected Tropical

" Diseases

Formal analysis: Jo Walker.

Investigation: Jo Walker, Paula Russell, Leanne Kermack, Tan Trinh Van, Tran Vu Thieu Nga, Elli Mylona, Susana
Camara, Young Chan Kim, Sonu Shrestha, Arne Gehlhaar, Josefin Bartholdson Scott, Farhana Khanam, Mila Shakya,
Deus Thindwa, Melita A. Gordon, Buddha Basnyat, John D. Clemens, Firdausi Qadri, Robert S. Heyderman, Christiane
Dolecek, Susan Tonks, Thomas C. Darton, Andrew J. Pollard, Stephen Baker, James E. Meiring, Merryn Voysey,
Virginia E. Pitzer.

Methodology: Jo Walker, Paula Russell, Leanne Kermack, Tan Trinh Van, Tran Vu Thieu Nga, Elli Mylona, Josefin
Bartholdson Scott, Stephen Baker, James E. Meiring, Merryn Voysey, Virginia E. Pitzer.

Project administration: Farhana Khanam, Melita A. Gordon, Buddha Basnyat, John D. Clemens, Firdausi Qadri, Susan
Tonks, Andrew J. Pollard, Stephen Baker, Merryn Voysey.

Supervision: Susana Camara, Farhana Khanam, Mila Shakya, Melita A. Gordon, Buddha Basnyat, Firdausi Qadri,
Christiane Dolecek, Andrew J. Pollard, Stephen Baker, James E. Meiring, Merryn Voysey, Virginia E. Pitzer.

Visualization: Jo Walker.
Writing — original draft: Jo Walker.

Writing — review & editing: Jo Walker, Susana Camara, Young Chan Kim, Farhana Khanam, Melita A. Gordon, John
D. Clemens, Firdausi Qadri, Robert S. Heyderman, Susan Tonks, Thomas C. Darton, Andrew J. Pollard, James E.
Meiring, Merryn Voysey, Virginia E. Pitzer.

References
1. Crump JA. Progress in Typhoid Fever Epidemiology. Clin Infect Dis. 2019;68(Suppl 1):S4-9. https://doi.org/10.1093/cid/ciy846 PMID: 30767000

2. Antillon M, Warren JL, Crawford FW, Weinberger DM, Kirim E, Pak GD, et al. The burden of typhoid fever in low- and middle-income countries: A
meta-regression approach. PLoS Negl Trop Dis. 2017;11(2):e0005376. https://doi.org/10.1371/journal.pntd.0005376 PMID: 28241011

3. GBD 2017 Typhoid and Paratyphoid Collaborators. The global burden of typhoid and paratyphoid fevers: a systematic analysis for the Global Bur-
den of Disease Study 2017. Lancet Infect Dis. 2019;19(4):369—81. https://doi.org/10.1016/S1473-3099(18)30685-6 PMID: 30792131

4. Meiring JE, Shakya M, Khanam F, Voysey M, Phillips MT, Tonks S, et al. Burden of enteric fever at three urban sites in Africa and Asia: a multi-
centre population-based study. Lancet Glob Health. 2021;9(12):e1688-96. https://doi.org/10.1016/S2214-109X(21)00370-3 PMID: 34798028

5. Baker S, Favorov M, Dougan G. Searching for the elusive typhoid diagnostic. BMC Infect Dis. 2010;10:45. https://doi.org/10.1186/1471-2334-10-45
PMID: 20205702

6. Baker S, Blohmke CJ, Maes M, Johnston PI, Darton TC. The Current Status of Enteric Fever Diagnostics and Implications for Disease Control. Clin
Infect Dis. 2020;71(Suppl 2):S64-70. https://doi.org/10.1093/cid/ciaa503 PMID: 32725220

7. Aiemjoy K, Seidman JC, Charles RC, Andrews JR. Seroepidemiology for Enteric Fever: Emerging Approaches and Opportunities. Open Forum
Infect Dis. 2023;10(Suppl 1):S21-5. https://doi.org/10.1093/ofid/ofad021 PMID: 37274530

8. Antillon M, Saad NJ, Baker S, Pollard AJ, Pitzer VE. The Relationship Between Blood Sample Volume and Diagnostic Sensitivity of Blood Culture
for Typhoid and Paratyphoid Fever: A Systematic Review and Meta-Analysis. J Infect Dis. 2018;218(suppl_4):S255-67. https://doi.org/10.1093/
infdis/jiy471 PMID: 30307563

9. Neupane DP, Dulal HP, Song J. Enteric fever diagnosis: current challenges and future directions. Pathogens. 2021;10.

10. Zhou L, Pollard AJ. A fast and highly sensitive blood culture PCR method for clinical detection of Salmonella enterica serovar Typhi. Ann Clin Micro-
biol Antimicrob. 2010;9:14. https://doi.org/10.1186/1476-0711-9-14 PMID: 20403166

11. Stanaway JD, Atuhebwe PL, Luby SP, Crump JA. Assessing the Feasibility of Typhoid Elimination. Clin Infect Dis. 2020;71(Suppl 2):S179-84.
https://doi.org/10.1093/cid/ciaa585 PMID: 32725226

12. Cutts FT, Hanson M. Seroepidemiology: an underused tool for designing and monitoring vaccination programmes in low- and middle-income coun-
tries. Trop Med Int Health. 2016;21(9):1086—98. https://doi.org/10.1111/tmi.12737 PMID: 27300255

13. Andrews N, Tischer A, Siedler A, Pebody RG, Barbara C, Cotter S, et al. Towards elimination: measles susceptibility in Australia and 17 European
countries. Bull World Health Organ. 2008;86(3):197—204. https://doi.org/10.2471/blt.07.041129 PMID: 18368206

14. Pebody RG, Edmunds WJ, Conyn-van Spaendonck M, Olin P, Berbers G, Rebiere |, et al. The seroepidemiology of rubella in western Europe.
Epidemiol Infect. 2000;125(2):347-57. https://doi.org/10.1017/s0950268899004574 PMID: 11117958

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0013612 October 9, 2025 19/21



https://doi.org/10.1093/cid/ciy846
http://www.ncbi.nlm.nih.gov/pubmed/30767000
https://doi.org/10.1371/journal.pntd.0005376
http://www.ncbi.nlm.nih.gov/pubmed/28241011
https://doi.org/10.1016/S1473-3099(18)30685-6
http://www.ncbi.nlm.nih.gov/pubmed/30792131
https://doi.org/10.1016/S2214-109X(21)00370-3
http://www.ncbi.nlm.nih.gov/pubmed/34798028
https://doi.org/10.1186/1471-2334-10-45
http://www.ncbi.nlm.nih.gov/pubmed/20205702
https://doi.org/10.1093/cid/ciaa503
http://www.ncbi.nlm.nih.gov/pubmed/32725220
https://doi.org/10.1093/ofid/ofad021
http://www.ncbi.nlm.nih.gov/pubmed/37274530
https://doi.org/10.1093/infdis/jiy471
https://doi.org/10.1093/infdis/jiy471
http://www.ncbi.nlm.nih.gov/pubmed/30307563
https://doi.org/10.1186/1476-0711-9-14
http://www.ncbi.nlm.nih.gov/pubmed/20403166
https://doi.org/10.1093/cid/ciaa585
http://www.ncbi.nlm.nih.gov/pubmed/32725226
https://doi.org/10.1111/tmi.12737
http://www.ncbi.nlm.nih.gov/pubmed/27300255
https://doi.org/10.2471/blt.07.041129
http://www.ncbi.nlm.nih.gov/pubmed/18368206
https://doi.org/10.1017/s0950268899004574
http://www.ncbi.nlm.nih.gov/pubmed/11117958

PLO“- Neglected Tropical

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

Diseases

Wagner BG, Behrend MR, Klein DJ, Upfill-Brown AM, Eckhoff PA, Hu H. Quantifying the impact of expanded age group campaigns for polio eradi-
cation. PLoS One. 2014;9(12):e113538. https://doi.org/10.1371/journal.pone.0113538 PMID: 25437014

Habib M, Soofi S, Ali N, Sutter RW, Palansch M, Qureshi H, et al. A study evaluating poliovirus antibodies and risk factors associated with polio
seropositivity in low socioeconomic areas of Pakistan. Vaccine. 2013;31(15):1987-93. https://doi.org/10.1016/j.vaccine.2013.02.003 PMID:
23429005

Kretzschmar M, Teunis PFM, Pebody RG. Incidence and reproduction numbers of pertussis: estimates from serological and social contact data in
five European countries. PLoS Med. 2010;7(6):e1000291. https://doi.org/10.1371/journal.pmed.1000291 PMID: 20585374

Campbell P, Mcintyre P, Quinn H, Hueston L, Gilbert GL, McVernon J. Increased population prevalence of low pertussis toxin antibody levels in
young children preceding a record pertussis epidemic in Australia. PLoS One. 2012;7(4):e35874. https://doi.org/10.1371/journal.pone.0035874
PMID: 22558249

Bergeri I, Whelan MG, Ware H, Subissi L, Nardone A, Lewis HC, et al. Global SARS-CoV-2 seroprevalence from January 2020 to April 2022: A
systematic review and meta-analysis of standardized population-based studies. PLoS Med. 2022;19(11):e1004107. https://doi.org/10.1371/journal.
pmed.1004107 PMID: 36355774

Mosnier E, Loubiere S, Monfardini E, Alibert A, Landier J, Ninoves L, et al. Cumulative incidence of SARS-CoV-2 infection within the homeless
population: insights from a city-wide longitudinal study. BMJ Open. 2023;13(2):e065734. https://doi.org/10.1136/bmjopen-2022-065734 PMID:
36822808

Vicco A, McCormack C, Pedrique B, Ribeiro I, Malavige GN, Dorigatti |. A scoping literature review of global dengue age-stratified seroprevalence
data: estimating dengue force of infection in endemic countries. EBioMedicine. 2024;104:105134. https://doi.org/10.1016/j.ebiom.2024.105134
PMID: 38718682

Saba Villarroel PM, Hamel R, Gumpangseth N, Yainoy S, Koomhin P, Missé D, et al. Global seroprevalence of Zika virus in asymptomatic individu-
als: A systematic review. PLoS Negl Trop Dis. 2024;18(4):e0011842. https://doi.org/10.137 1/journal.pntd.0011842 PMID: 38630843

Mylona E, Hefele L, Tran Vu Thieu N, Trinh Van T, Nguyen Ngoc Minh C, Tran Tuan A, et al. The Identification of Enteric Fever-Specific Antigens
for Population-Based Serosurveillance. J Infect Dis. 2024;229(3):833—44. https://doi.org/10.1093/infdis/jiad242 PMID: 37403670

Waddington CS, Darton TC, Jones C, Haworth K, Peters A, John T, et al. An outpatient, ambulant-design, controlled human infection model
using escalating doses of Salmonella Typhi challenge delivered in sodium bicarbonate solution. Clin Infect Dis. 2014;58(9):1230—40. https://doi.
org/10.1093/cid/ciu078 PMID: 24519873

Aiemjoy K, Seidman JC, Saha S, Munira SJ, Islam Sajib MS, Sium SMA, et al. Estimating typhoid incidence from community-based serosurveys: a
multicohort study. Lancet Microbe. 2022;3(8):e578-87. https://doi.org/10.1016/S2666-5247(22)00114-8 PMID: 35750069

Andrews JR, Khanam F, Rahman N, Hossain M, Bogoch Il, Vaidya K, et al. Plasma Immunoglobulin A Responses Against 2 Salmonella Typhi
Antigens Identify Patients With Typhoid Fever. Clin Infect Dis. 2019;68(6):949-55. https://doi.org/10.1093/cid/ciy578 PMID: 30020426

Liang L, Juarez S, Nga TVT, Dunstan S, Nakajima-Sasaki R, Davies DH, et al. Immune profiling with a Salmonella Typhi antigen microarray identi-
fies new diagnostic biomarkers of human typhoid. Sci Rep. 2013;3:1043. https://doi.org/10.1038/srep01043 PMID: 23304434

Tran Vu Thieu N, Trinh Van T, Tran Tuan A, Klemm EJ, Nguyen Ngoc Minh C, Voong Vinh P, et al. An evaluation of purified Salmonella Typhi
protein antigens for the serological diagnosis of acute typhoid fever. J Infect. 2017;75(2):104—14. https://doi.org/10.1016/j.jinf.2017.05.007 PMID:
28551371

Darton TC, Baker S, Randall A, Dongol S, Karkey A, Voysey M, et al. Identification of Novel Serodiagnostic Signatures of Typhoid Fever Using a
Salmonella Proteome Array. Front Microbiol. 2017;8:1794. https://doi.org/10.3389/fmicb.2017.01794 PMID: 28970824

Aiemjoy K, Rumunu J, Hassen JJ, Wiens KE, Garrett D, Kamenskaya P. Seroincidence of Enteric Fever, Juba, South Sudan. Emerg Infect Dis.
2022;28(11):2316-20.

Darton TC, Meiring JE, Tonks S, Khan MA, Khanam F, Shakya M, et al. The STRATAA study protocol: a programme to assess the burden of
enteric fever in Bangladesh, Malawi and Nepal using prospective population census, passive surveillance, serological studies and healthcare utili-
sation surveys. BMJ Open. 2017;7(6):e016283. https://doi.org/10.1136/bmjopen-2017-016283 PMID: 28674145

Jin C, Gibani MM, Moore M, Juel HB, Jones E, Meiring J, et al. Efficacy and immunogenicity of a Vi-tetanus toxoid conjugate vaccine in the
prevention of typhoid fever using a controlled human infection model of Salmonella Typhi: a randomised controlled, phase 2b trial. Lancet.
2017;390(10111):2472-80. https://doi.org/10.1016/S0140-6736(17)32149-9 PMID: 28965718

Beichl I, Sullivan F. The Metropolis Algorithm. Comput Sci Eng. 2000;2(1):65-9.

R Core Team. R: A language and environment for statistical computing [Internet]. Vienna, Austria: R Foundation for Statistical Computing; 2020.
https://www.r-project.org/

Benaglia T, Chauveau D, Hunter DR, Young DS. Mixtools: An R Package for Analyzing Mixture Models. J Stat Softw. 2009;32(6):1-29. https://www.
jstatsoft.org/index.php/jss/article/view/v032i06

Mogasale V, Maskery B, Ochiai RL, Lee JS, Mogasale VV, Ramani E, et al. Burden of typhoid fever in low-income and middle-income coun-
tries: a systematic, literature-based update with risk-factor adjustment. Lancet Glob Health. 2014;2(10):e570-80. https://doi.org/10.1016/S2214-
109X(14)70301-8 PMID: 25304633

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0013612 October 9, 2025 20/21



https://doi.org/10.1371/journal.pone.0113538
http://www.ncbi.nlm.nih.gov/pubmed/25437014
https://doi.org/10.1016/j.vaccine.2013.02.003
http://www.ncbi.nlm.nih.gov/pubmed/23429005
https://doi.org/10.1371/journal.pmed.1000291
http://www.ncbi.nlm.nih.gov/pubmed/20585374
https://doi.org/10.1371/journal.pone.0035874
http://www.ncbi.nlm.nih.gov/pubmed/22558249
https://doi.org/10.1371/journal.pmed.1004107
https://doi.org/10.1371/journal.pmed.1004107
http://www.ncbi.nlm.nih.gov/pubmed/36355774
https://doi.org/10.1136/bmjopen-2022-065734
http://www.ncbi.nlm.nih.gov/pubmed/36822808
https://doi.org/10.1016/j.ebiom.2024.105134
http://www.ncbi.nlm.nih.gov/pubmed/38718682
https://doi.org/10.1371/journal.pntd.0011842
http://www.ncbi.nlm.nih.gov/pubmed/38630843
https://doi.org/10.1093/infdis/jiad242
http://www.ncbi.nlm.nih.gov/pubmed/37403670
https://doi.org/10.1093/cid/ciu078
https://doi.org/10.1093/cid/ciu078
http://www.ncbi.nlm.nih.gov/pubmed/24519873
https://doi.org/10.1016/S2666-5247(22)00114-8
http://www.ncbi.nlm.nih.gov/pubmed/35750069
https://doi.org/10.1093/cid/ciy578
http://www.ncbi.nlm.nih.gov/pubmed/30020426
https://doi.org/10.1038/srep01043
http://www.ncbi.nlm.nih.gov/pubmed/23304434
https://doi.org/10.1016/j.jinf.2017.05.007
http://www.ncbi.nlm.nih.gov/pubmed/28551371
https://doi.org/10.3389/fmicb.2017.01794
http://www.ncbi.nlm.nih.gov/pubmed/28970824
https://doi.org/10.1136/bmjopen-2017-016283
http://www.ncbi.nlm.nih.gov/pubmed/28674145
https://doi.org/10.1016/S0140-6736(17)32149-9
http://www.ncbi.nlm.nih.gov/pubmed/28965718
https://www.r-project.org/
https://www.jstatsoft.org/index.php/jss/article/view/v032i06
https://www.jstatsoft.org/index.php/jss/article/view/v032i06
https://doi.org/10.1016/S2214-109X(14)70301-8
https://doi.org/10.1016/S2214-109X(14)70301-8
http://www.ncbi.nlm.nih.gov/pubmed/25304633

PLO\Sﬁ\\ Neglected Tropical

Diseases

37. Garrett DO, Longley AT, Aiemjoy K, Yousafzai MT, Hemlock C, Yu AT, et al. Incidence of typhoid and paratyphoid fever in Bangladesh, Nepal, and
Pakistan: results of the Surveillance for Enteric Fever in Asia Project. Lancet Glob Health. 2022;10(7):€978-88. https://doi.org/10.1016/S2214-
109X(22)00119-X PMID: 35714648

38. John J, Bavdekar A, Rongsen-Chandola T, Dutta S, Gupta M, Kanungo S, et al. Burden of Typhoid and Paratyphoid Fever in India. N Engl J Med.
2023;388(16):1491-500. https://doi.org/10.1056/NEJMoa2209449 PMID: 37075141

39. Phillips MT, Meiring JE, Voysey M, Warren JL, Baker S, Basnyat B, et al. A Bayesian approach for estimating typhoid fever incidence from large-
scale facility-based passive surveillance data. Stat Med. 2021;40(26):5853—70. https://doi.org/10.1002/sim.9159 PMID: 34428309

40. Mulligan TO. Typhoid fever in young children. Br Med J. 1971;4(5788):665—7.

41. Voysey M, Pant D, Shakya M, Liu X, Colin-Jones R, Theiss-Nyland K, et al. Under-detection of blood culture-positive enteric fever cases: The
impact of missing data and methods for adjusting incidence estimates. PLoS Negl Trop Dis. 2020;14(1):e0007805. https://doi.org/10.1371/journal.
pntd.0007805 PMID: 31945052

42. Sztein MB, Salerno-Goncalves R, McArthur MA. Complex adaptive immunity to enteric fevers in humans: lessons learned and the path forward.
Front Immunol. 2014;5:516. https://doi.org/10.3389/fimmu.2014.00516 PMID: 25386175

43. Qadri F, Khanam F, Liu X, Theiss-Nyland K, Biswas PK, Bhuiyan Al, et al. Protection by vaccination of children against typhoid fever with a Vi-
tetanus toxoid conjugate vaccine in urban Bangladesh: a cluster-randomised trial. Lancet. 2021;398(10301):675-84. https://doi.org/10.1016/
S0140-6736(21)01124-7 PMID: 34384540

44. Charles RC, Sultana T, Alam MM, Yu Y, Wu-Freeman Y, Bufano MK, et al. Identification of immunogenic Salmonella enterica serotype Typhi anti-
gens expressed in chronic biliary carriers of S. Typhi in Kathmandu, Nepal. PLoS Negl Trop Dis. 2013;7(8):e2335. https://doi.org/10.1371/journal.
pntd.0002335 PMID: 23936575

45. Olopoenia LA, King AL. Widal agglutination test - 100 years later: still plagued by controversy. Postgrad Med J. 2000;76(892):80—4. https://doi.
org/10.1136/pm|.76.892.80 PMID: 10644383

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0013612 October 9, 2025 217121



https://doi.org/10.1016/S2214-109X(22)00119-X
https://doi.org/10.1016/S2214-109X(22)00119-X
http://www.ncbi.nlm.nih.gov/pubmed/35714648
https://doi.org/10.1056/NEJMoa2209449
http://www.ncbi.nlm.nih.gov/pubmed/37075141
https://doi.org/10.1002/sim.9159
http://www.ncbi.nlm.nih.gov/pubmed/34428309
https://doi.org/10.1371/journal.pntd.0007805
https://doi.org/10.1371/journal.pntd.0007805
http://www.ncbi.nlm.nih.gov/pubmed/31945052
https://doi.org/10.3389/fimmu.2014.00516
http://www.ncbi.nlm.nih.gov/pubmed/25386175
https://doi.org/10.1016/S0140-6736(21)01124-7
https://doi.org/10.1016/S0140-6736(21)01124-7
http://www.ncbi.nlm.nih.gov/pubmed/34384540
https://doi.org/10.1371/journal.pntd.0002335
https://doi.org/10.1371/journal.pntd.0002335
http://www.ncbi.nlm.nih.gov/pubmed/23936575
https://doi.org/10.1136/pmj.76.892.80
https://doi.org/10.1136/pmj.76.892.80
http://www.ncbi.nlm.nih.gov/pubmed/10644383

